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CHEMICAL PROPULSION AND THE ENVIRONMENT 

ATMOSPHERIC ENVIRONMENTAL IMPLICATIONS OF PROPULSION SYSTEMS 
Allan J. McDonald* 
Robert R. Bennett** 
Thiokol Space Operations 
Brigham City, Utah 
ABSTRACT 
Three independent studies have been conducted for assessing the 
impact of rocket launches on the earth's envir~nment.'.~.' These 
studies have addressed issues of acid rain in the troposphere, 
ozone depletion in the stratosphere, toxicity of chemical rocket 
exhaust products, and the potential impact on global warming 
from carbon dioxide emissions from rocket launches. Local, re- 
gional, and global impact assessments were examined and com- 
pared with both natural sources and anthropogenic sources of 
known atmospheric pollutants with the following conclusions: 
Neither solid nor liquid rocket launches have a sig- 
nificant impact on the earth's global environment, 
and there is no real significant difference between 
the two. 
Regional and local atmospheric impacts are more 
significant than global impacts, but quickly return 
to normal backgroundconditions withina few hours 
after launch. 
Vastly increased space launch activities equivalent 
to 50 U.S. Space Shuttles or 50 Russian Energia 
launches per year would not significantly impact 
these conclusions. 
However, these assessments, for the most part, are based upon 
homogeneous gas phase chemistry analysis; heterogeneous chem- 
istry from exhaust particulates, such as aluminum oxide, ice con- 
trails, soot, etc., and the influence of plume temperature and after- 
burning of fuel-rich exhaust products, need to be further ad- 
dressed. It was the consensus of these studies that computer mod- 
eling of interactive plume chemistry with the atmosphere needs to 
be improved and computer models need to be verified with exper- 
imental data. Rocket exhaust plume chemistry can be modified 
with propellant reformulation and changes in operating condi- 
tions, but, based upon the current state of knowledge, it does not 
appear that significant environmental improvements from propel- 
lant formulation changes can be made or are warranted. Flight 
safety, reliability, and cost improvements are paramount for any 
new rocket system, and these important aspectscannot becompro- 
mised. A detailed environmental cost-benefit-risk analysis must 
be conducted before any new chemistry or changes in rocket oper- 
ating conditions should be seriously considered for any future 
space or defense applications. 
This paper presents a summary of the results of environmental 
assessments contained in these independent studies. 
*Vice President and Senior Staff 
**Scientist 
INTRODUCTION 
These studies were conducted to answer a basic question: As a 
result of increased space launch activities, will chemical rocket 
propulsion have a major impact on the earth's environment? This 
issue was first raised by environmentalists who were particularly 
concerned about the deposition of hydrogen chloride (HCI) from 
solid rockets into the atmosphere. HCI in the presence of water can 
form acid rain (hydrochloric acid) in the launch area as well as 
deposit a chlorine-containing gas directly into the ozone layer of 
the stratosphere. These issues were of sufficient concern that the 
original U.S. Air Force-NASA joint program office for the Ad- 
vanced Launch System (ALS) would not consider solid rockets for 
that application unless the propellants were reformulated to pro- 
duce less than one percent by weight of HCI in the exhaust plume, 
compared to the 21 percent for current propellants. As a result, 
several alternative propellants that were perceived to be more 
environmentally acceptable were formulated in the laboratory and 
tested in subscale motors under U.S. Air Force-sponsored "clean 
propellant" programs. Initially, existing solid propellant formula- 
tions were modified to reduce the HCI content in the exhaust 
plume; later formulations included totally new propellants that 
contained non-chlorine oxidizers (these propellants were referred 
to as "totally clean" propellants). A11 of these scxalled "clean" 
propellants have some serious drawbacks in one or more impor- 
tant propellant characteristics: losses in performance (specific 
impulse or density); difficulties in processing and/or reduced 
physical properties and aging characteristics; humidity sensitiv- 
ity; increased safety hazards during propellant processing or use; 
limited ballistic tailoring; and reduced bonding capability. More- 
over, many have significant increases in costs over contemporary 
solid propellants using ammonium perchlorate (AP) as the oxidiz- 
er. The chemistry of solid rocket propellants is the single most 
important factor in determining the performance, safety, repro- 
ducibility, reliability, and cost of a solid rocket propulsion system. 
Departing from a well-established experience base, along with the 
lack of understanding of the real environmental impact of chemi- 
cal rocket exhaust, dictated the need to fully examine this issue 
before changes in solid rocket propellant chemistry were war- 
ranted. 
It was decided to examine the environmental impact of all rocket 
propellants, both solid and liquid. Table I lists the propellant com- 
binations that were examined and the major exhaust products from 
these propellants. The first propellant in the table is the standard 
solid rocket propellant used in all space launch vehicles incorpo- 
rating solid rocket boosters (SRBs) t e y ;  allcurrent space launch 
solid propellants use a rubber binder containing aluminum as the 
primary fuel and AP as the oxidizer. The second formulation in the 
table is a "clean" propellant that replaces a portion of the AP 
oxidizer with sodium nitrate. As this propellant burns, most of the 
Ammonlum perchlorate . HCI, AI,O,, CO,, CO*. N,. Hz*. H20  
Aluminum 
Ammonium perchlorate . NaCi. A1203. CO,, CO*, N,, Hz*. H,O 
Sodium nitrate 
Aluminum 
Ammonium perchlorate . MgO. MgCI,, CO,, CO*. N,, Hzt, H,O 
Magnesium 
Ammonium nitrate . . . . AI,03 or MgO, N,, CO,, CO*. Hz*. H,O 
Magnesium or aluminum 
Liquid oxygen . . . . . . . HzO, Hz* 
Liquid hydrogen 
Liquid oxygen . . . . . . . CO*, CO,, hydrocarbons, H,O 
Hydrocarbon 
NzO, . . . . . . . . . . . . . . N,, NOx, CO*, CO,, H,O 
D~methylhydratine 
*Mostly consumed durtng afterburning 
Table I. 
Chemical Propulsion Componen t s  
a n d  Exhaust S p e c i e s  
HCI produced is scavenged inside the combustion chamber to 
form sodium chloride (NaCl), common table salt, as a combustion 
product rather than HCI. The third propellant is also a "clean" 
propellant and is sometimes referred to as the "Maalox rocket." 
This propellant replaces the aluminum fuel with magnesium to 
produce the oxide of magnesium metal (MgO) rather than alumi- 
nun1 oxide. Magnesium oxide in the presenceof water forms mag- 
nesium hydroxide, which is a strong base. Magnesium hydroxide 
is the primary ingredient in Maalox for neutralizing stomach acid 
(which ih also HCI). The magnesium oxide in the rocket exhaust 
neutralizes the HCI in the plume as it mixes with the water in the 
ambient air and the water that is produced as part of the combus- 
tion process, forming a magnesium chloride (MgC12) salt in place 
of HCI. The fourth propellant is referred to as a "totally clean" 
propellant because i t  replacesall of the APoxidizer with an ammo- 
nium nitrate oxidizer to prevent any chlorine-containing com- 
pounds from being formed. There are several candidate nitrate 
oxidizers available, and many more energetic nitrate oxidizers are 
in laboratory development, but the exhaust gas chemistry pro- 
duced is quite similar to the one shown in the table. The last three 
propellants are all-liquid rocket propellants used in various space 
launch vehicles; the simplest chemistry is produced from liquid 
hydrogen and liquid oxygen that forms water as the primary com- 
bustion product with considerable free hydrogen (H?) present, as 
theenginesaregencrally run fuel-rich for improved reliability and 
performance. I t  should be noted that all of the propellant combina- 
tions produce large quantities of water and most produce carbon 
monoxide (CO); carbon dioxide (CO:), and free hydrogen (H:) in 
the exhaust plume. The storable bipropeilant system using nitro- 
gen tetroxide (N201)  and unsymmetrical dimethylhydrazine 
(UDMH) also produces free nitrogen and oxides of nitrogen. The 
environmental impact assessment that was made assumed that all 
of the hydrogen and carbon monoxide produced below an altitude 
of 25 kilometers was converted to water and carbon dioxide as a 
result of afterburning with the ambient air. 
STRATOSPHERIC OZONE DEPLETION 
Figure I depicts the various atmospheric zones surrounding the 
earth. The stratosphere located approximately 13 to 50 kilometers 
above the earth is particularly important to our environment be- 
cause itcontains a low concentration of ozone (03)  that acts as a 
protective shield from damaging ultraviolet radiation from the 
sun. 
Fig. 1. Stratospheric Ozone Effects 
Figure 2 presents the chemical and photochemical processes that 
are important in the formation of ozone from molecular oxygen in 
the stratosphere and the reactions associated with ozone ds t ruc-  
tion.' The process is very dynamic in that ozone is continuously 
being produced and destroyed by naturally occurring photochemi- 
cal processes in the stratosphere. 
- -  - 
Ozone Production 
0 2  
hu 
b 20 
O + & + M  -4 * M  
Ozone Osatruction 
Fig. 2. Natural Stratospheric O z o n e  Pathways 
Figure 3 summarizes the naturally occurring ozone-depleting 
chemistries into nitrogen, hydrogen, oxygen and chlorine.' It is 
important to note that all are catalytic cycles in that the ozone-de- 
pleting species is regenerated such that i t  can re+nter the cycle to 
destroy additional ozone molecules. The asterisk on the chart re- 
flects those ozone-depletingchemistries that are affected by rock- 
et propulsion, i.e., nitrogen, hydrogen, and chlorine. It is interest- 
ing to note that chlorine chemistry is responsible for the least 
amount of ozone destruction. The reason chlorine chemistry has 
been of most concern is because i t  is the one that human activity 
has co~itributed to most. 
25 to 30 km Altitude (%) Total Stratosphere (%) 
Nl t ro~#~*  
r22 : 7:: 70 32 
Hydrogen' 
r: ;: : ;::2 10 26 
r :; :+y:: 
Oxygen 
0 + O 3 + -  10 23 
Chlodne' 
10 19 
Fig. 3. Relative Importance of Various Catalytic 
Stratospheric O z o n e  Depletion Cycles 
Analysis of more recent data obtained from aircraft flying in the 
lower part of the stratosphere has cast some doubt on the predomi- 
nance of nitrogen oxide reactions to ozone destruction in the lower 
s~ratosphere.~ In the spring of 1993, for the first time, atmo\phcric 
re~enrcher.; were able to obtain data from an instrument-laden 
aircraft that observed all the important families of radical.; that 
affect ozone, i.e., chlorine, bromine, nitrogen, and hydrogen. A 
new instrument measured hydroxyl (OH) and hydroperoxyl (H02)  
radicals as the aircraft crisscrossed the stratosphere. The data ob- 
teined indicated that the hydrogen radical family may be a more 
important natural loss process for ozone than the nitrogen oxide 
cycles. These conclusions were also supported by more recent 
computer models that include heterogeneouschemistry; computer 
modclc usetl in thc pa\[ based upon homogeneous chemistry alone 
predicted that nitrogen oxides were the predominant ozone de- 
atruction nicchanism. 
Figure 1 pictorially represents the differences between an all-li- 
quid propulsion Tystem and the Space Shuttle, which uses both 
solid rocket and liquid propulsion. The exhaust products of inter- 
est-HCI, H20 ,  and Hz-deposited in the troposphere by either 
vehicle are of little concern because H2afterburna toH20,  and both 
HCI and H1O arc quickly removed by raining out in the tropo- 
sphere. Approximately two-thirds of the exhaust produced from 
thc Space Shuttle SRBs is deposited in the troposphere, and the 
= - remainder is exhausted into the stratosphere where the boosters 
burn out. It is also important to note that the exhaust products 
produced-H20, H-, and H C l 4 o  not react directly with o7one; 
out ol 
Atm0Sph.n 
I 
Exhaust Product Actlvatlon Ozona Deplatlon bactlons HCI. lip n2 
H2+OH - > H p + H  H. OH, Cl + 0, -, 02 (catalyiic) bmpvml Removal 
H ~ O + O ~ D  - > m ~  
OH + HCl -> H# + CI A I 
STRATOSPHERE 
Z b  
13 krn 
HCI TROPOSPHERE 
Hz0 
"2 
HCI deposited In t r o p o s p h  la quickly nmoved 
W&r doposned in troposphere Is not an Iswe 
Moat H, deposltbd In the tropospbm mlrea wlth tho air to tom H S  
Fig. 4. Mechanisms of Potential Effect of 
Rocket Exhaust on  O z o n e  
the ozone-reactive species (H, OH, CI) must be released from the 
molecules in the plume before any ozone destruction can occur. 
Much of the HCI and water deposited into the lower portion of the 
stratosphere is removed by circulation into the troposphere, and 
considerable hydrogen deposited in the upper stratosphere is re- 
moved by escaping into the mesosphere. 
Figure 5 depicts the molar concentration of important exhaust 
gases and where they are deposited from the Space Shuttle SRBs 
and the Space Shuttle main engines (SSMEs). Ozone-reaction 
chemistry is controlled by the molar concentration of the reacting 
species and the chemical reaction kinetics associated with releas- 
ing the reactive species and its subsequent reaction with ozone. It 
was assumed that all of the rocket exhaust produced in the strato- 
sphere stayed there to react with ozone and none of i t  circulated 
into the troposphere or escaped into the mesosphere. It should be 
noted from Fig. 5 that, even though the SRBs do generate a consid- 
erable amount of HCI, from a molar basis, water and hydrogen are 
the major exhaust products. Even though the SSMEs produce only 
water and hydrogen, the SRBs, because of theirmuch higher thrust 
level, deposit nearly as much water and hydrogen into the strato- 
sphere as the SSMEs; most of the SSME exhaust is deposited 
above the stratosphcre. 
SUB Exhaust SSME Exhrusl 
Spoclem 
Fig. 5. S p a c e  Shuttle Exhaust Spec ie s  
- - 
Much of the environmental concern with solid rocket motors was a 
by-product of associating solid rocket-produced HCI with chloro- 
fluorocarbons (CFCs). Figure 6 presents a schematic representa- 
hu CFC CI  
CI + 0, -+ CIO + o2 
CIO+O * 0 2 + C I  
Stratosphere 
Figure 7 is a projection of the cumulative global stratospheric 
chlorine burden in parts per billion (ppb) over a 75-year time 
frame from 1979 to 2054, assuming that the Montreal Protocol ban 
on the production of Class I ozone depleting chemicals (ODCs) is 
effective by 1996 a.; p i a n n ~ d . ~  Superimposed on this chart is the 
contribution to stratospheric chlorine in the form of hydrogen 
chloride from all rocket launches which represents a steady-state 
contribution of chlorine from HCI of approximately 0.003 ppb. 
This assumes a world launch ratcofsolid rockets equivalent toone 
Space Shuttle launch every month.' This launch rate represents a 
constant 40 percent increase in HCI deposited in the stratosphere 
from solid rocket launches over what was actually achieved in 
1993. 
Factory Dlrposel of Cars, Refrigerators. 
Air Conditioners 
Fig. 6. Effects of C F C s  on  O z o n e  
tion of the CFC problcm. CFC\ are very chemically stable com- 
pounds used in rcfrigcration. air conditioning r;ystems, acrosol 
products. ant1 rn;rny cleaning solvent.  Thcxecompountl\ are rnan- 
made chemical\ thal were dcsigncd to be chemically incrt for the 
intended applications. A\ a result, there arc no natural processes in 
the troposphere that will hrcak down these chemicals until they 
rcach the \tr;lto\phcre. whcrc photolysis hy ultraviolet radiation 
rclea\c\ chlorinc atoms t'ro~n the CFC\. Thc released chlorinc thcn 
enters into a catalytic ozonc destruction cycle. One of thc major 
problems with CFCs is the long lifc and tremendous reservoir of 
thcsc ~natcrial\ in tliscardcd autoinohilcs. refrigerator\, air condi- 
tioners. ctc.. th;tt provide a source ofthew chemicals to cvc~ltu;tlly 
enter the \trato\pherc litr hunclrcds of years. Unlike HCI. which is 
wa\hctl out ;~ntl rcmovcd a thc \trato\phcric air circulate\ into the 
tropokphcrc. CFCs arc incrt to Ino\t chcmical processes in the 
tropo\phcrc. I t  i \  interesting to notc from Fig. h that the chlorinc 
relca\cd in the \trato\phcrc from CFC\ is eventually rcmovcd by 
the reaction of chlorinc with \trato\phcric methane to for111 HCI. 
which cnn thcn circulate to the tropo\phcrc and he rcmovccl. A\ 
can hc Yccn from Fig. 6, thcrc is a \ignilicani difference hctwccn 
CFCs and CiCI I'rom solid rocket cxhau\t. In I'uct, thc,k)rn~tr/io~r of' 
i k  the /".itl~trrv rx,t?ro~.trl p c m \ f i > / .  c.ltlorirtc~ ci/ot?rs r.c./ctrsc,d 
fi- on^ C'FC'.s in the \trato\phcrc. Conventional wi.;do~n indicates 
that all CFC\ that are rclca\cd to the atmosphcrc will eventually 
makc i l  lo the \trato\phcrc. and will rcmain in [he \tralo\phcrc urttil 
their chlorinc is rclca\cd by photodi\\ociation from sunlight ( a  
procc\s thal cannot be avoided) in thc firm ofuctivc chlorinc (C1) 
atom\; the released chlorine atom\ will continuc to catalytically 
dc\troy ozonc until the chlorinc i \  tied up in ;I reservoir specie or 
can he rcmovcd by funning HCI. However, HCIdcpo~itcddircctIy 
into the stratosphere from rocket\ must undergo a chcmical reac- 
tion hcforc thc ozone-destroying chlorinc atoms can hc rclcarcd. 
HCI is not subject to phottdis\ociation. A\ a rchult, some of the 
HCI dcpo\itcd directly into the stratosphcrc may ncvcr rclcasc any 
chlorinc kf'orc i t  ha\ the opportunity to circulate hack ioto the 
troposphere whcrc i t  is rcndily rained out. Furthermore. HCI is a 
naturally occurring chemical in the earth's atmosphere. with a 
largc natural rcscrvoir of HCI in the tropo\pherc and \tratosphcrc 
in contrast to the unnatural molcculc\ of CFCs that wcrc cnginc- 
crcd by man. 
CUMULATIVE STRATOSPHERIC CHLORINE EQUIVALENT (ppb) 
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Figure 8 dcpich the rcl;~tive annual contribution\ from various 
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pcr year. are n major contributor to stratospheric chlorine and are 
the principle source of anthropogenic chlorine. Natural sources, 
primarily rnethyl chloride (CH-{CI) from the oceans and burning 
vcgclation. were estimated to add an additional 7.5 kilotons of 
chlorinc tothe stratosphere. Volcanocscan inject HCI directly into 
the \trato\pherc. and when major volcanic activity occurs, such as 
the 1991 Mount Pinatubo eruption in the Philippines, i t  tends to 
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overshadow all other sources during the rather short period of time 
of volcanic activity. Volcanoes are very random and sporadic 
sources of chlorine, but it was estimated that on a long-ten aver- 
age, volcanoes could inject anywhere from 100 to 1,000 kilotons 
of chlorine in the form of HCI directly into the stratosphere on an 
annual bask9 The chlorine burden from SRBs producing HCI 
adds less than 1 kiloton of chlorine to the stratosphere per year 
based upon a flight rate of nine Space Shuttles and six Titan N 
launches per year. It should also be noted from Fig. 8 that, if we are 
successful in eliminating all CFC production by 1996 as mandated 
by the Montreal Protocol, we will still be adding 150 kilotons of 
chlorine to the stratosphere some 50 years later as a result of the 
long life and huge reservoir of these chemicals. 
It should be noted in Fig. 8 that more recent data (represented by 
the cross-hatched area) obtained from volcanic activity indicate 
that only a small fraction of the HCl emitted from a volcano ever 
reaches the stratosphere as hydrogen chl~ridegas. '~  Data obtained 
from Mount Pinatubo, along with detailed computer modeling 
studies, indicated that less than 1 percent of the HCI gas emitted 
from the vent of the volcano reached the stratosphere in that form; 
more than 99 percent of the HCI is rained out of the stratosphere by 
the huge quantities of steam and water contained in the volcanic 
cloud. The quantities of steam emitted from the volcano produce 
roughly 1,000 times as much water as HC1 while the volcanic 
cloud rises and cools. Nevertheless, the Mount Pinatubo eruption 
in June 1991 is estimated to have released 4.5 million metric tons 
of HCI. Assuming only 1 percent of the HCI reached the strato- 
sphere, it would still result in injecting 45 kilotons of chlorine into 
the stratosphere, which is equivalent to approximately 545 flights 
of the U.S. Space Shuttle. 
More recent data obtained from measurements taken by strato- 
spheric aircraft (represented by the cross-hatched area) have also 
indicated less methyl chloride in the stratosphere than was origi- 
nally thought.'' As shown in Fig. 8, more recent data would reduce 
the stratospheric loading of methyl chloride from oceans and bio- 
mass burning from 75 kilotons to approximately 15 kilotons per 
year. Thesemore recent data would indicate that natural sources of 
chlorine are considerably lower than was originally believed. If 
chlorine contributions from CFCs are as high as predicted (300 
kilotons per year), then these anthropogenic contributions to 
stratospheric chlorine would be the major source of chlorine in the 
stratosphere. In any event, the 0.79 kilotons per year of chlorine 
from rocket launches remains small compared to CFCs or natural 
sources of chlorine. 
Figure 9 presents a Pareto chart of the stratospheric ozone-deplet- 
ing chemistries and the portion that can be attributedio chemical 
rockets. As can be readily seen, rocket contribution to stratospher- 
ic ozone depletion is extremely small, representing approximately 
0.03 percent of the ozone depletion from all other sources. There- 
fore, based upon the current state of knowledge, i t  certainly would 
not appear to be technically or financially responsible to spend 
large sums of money trying to reduce the contribution of chemical 
rockets to destruction of stratospheric ozone. 
There have been several numbers published in the literature for the 
magnitude of stratospheric ozone depletion due to solid rockets 
over the past few years. These numbers are not inconsistent, but 
ALL SOURCES 
NIIrogsn Hydmganl O x y w  Chlorlm Rockets 
Fig. 9. Chemical Removal of Stratospheric Ozone 
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represent different sets of conditions as shown in Fig. 10.12 Based 
on a two-dimensional (2-D) atmospheric computer model calcu- 
lating local ozone depletion at a 4Ckilometer altitude in the region 
(1,000 km by 1,000 km) above the launch site, long-term steady- 
state stratospheric ozone depletion approaching 0.25 percent 
would be calculated. This same analysis through the entire region- 
al ozone column over the launch site reduces the ozone loss to less 
than 0.1 percent, which is further reduced to approximately 0.006 
percent on a global scale. The global ozone depletion numbers 
presented in Fig. 9 are based upon first order approximations that 
are roughly five times more conservative than the 2-D models 
would predict, resulting in the 0.03 percent number shown. Since 
global stratospheric ozone depletion calculations based on these 
more sophisticated 2-D models (0.006 percent) have underpre- 
dicted ozone losses by a factor of two over the past few years, it is 
most probable that ozone depletion from rocket launches would 
not exceed a steady-state reduction of more than 0.01 2 percent 
based on the assumed yearly flight rate of nine Space Shuttles and 
six Titan IV vehicles. 
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~ig.'10. Stratospheric Ozone Impact Due 
to Solid Rocket Motor Exhaust 
There have been news media reports linking the ozonereduction in 
the stratosphere to rocket launches, and solid rocket motors in 
particular. It is clear that 0.006 to 0.012 percent reductions cannot 
be measured, especially when the natural annual variations in the 
northern hemisphere have varied over 20 percent, as shown in Fig. 
1 I. Figure 1 I covers a 33-year period from 1957 to 199 1 . I 3  
Fig. 11. Large Natural Variations in 
Stratospheric Ozone 
Some people have been concerned that rockets may be creating an 
ozone hole directly over the launch site areas. As shown in Fig. 12, 
a typical Space Shuttle trajectory is not even close to being verti- 
cal, and, in fact, by the time the SRBs bum out near the top of the 
stratosphere, the Space Shuttle has as much down-range as verti- 
cal altitude. 
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Fig. 12. Typical Space  Shuttle Trajectory 
Atmospheric scientists (Karol. Ozolin, and Rozanovtf) from the 
Main Geophysical Observatory in Russia have examined the im- 
pact of rocket launches on local stratosphcric ozone above the 
launch site. These Russian scientists concluded that 50 launches 
per year of either the U.S. Space Shuttle or Russian Energia would 
not significantly impact local or global ozone depletion in the 
stratosphere. Scaling the Russian data to an equivalent launch 
model consisting of nine Space Shuttles and six Titan 1V launches 
per year results in good agreement with NASA's projection of 
0.0065 percent global ozonedepletion. Similaranalysisconducted 
by the European Space Agency for the Ariane v,' when scaled to 
the same equivalent launch model, produced comparable results. 
The Russian scientists conducted time-dependent analytical cal- 
culations of local ozone depletion in the rocket plume as i t  mixes 
with the ambient air as the vehicle flies through the stratosphere. 
Calculations were conducted for both the U.S. Space Shuttle (S) 
and the Russian Energia(E) vehicle,asshow~~ in Fig. 13. Figure 13 
presents results a t4Cand 16-kilometer altitudes for both vehicles 
up to one day after launch.'Ozone destruction in the near field of 
the rocket plume can be very severe (>90percent) within just a few 
minutes'after the launch vehicle enters the stratosphere; however, 
the ozone concentration is totally restored to background levels 
from natural mixing of the plume with surrounding air in this very 
localized area within a few hours after launch. It is also interesting 
to note that the magnitude of local ozone destruction is basically 
the same forthe U.S. Space Shuttle with its SRBs and theall-liquid 
Russian Energia vehicle that does not produce any chiorinexon- 
taining compounds in the exhaust. The only difference noted be- 
tween the two vehicles is that the non~chlorine Energia destroys 
ozone-more quickly, but recovers faster, than the Space Shuttle; 
this recovery time difference is attributed to the HCI, as shown in 
Fig. 13. 
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Fig. 13. Shuttle and Energia Impact on Local Ozone 
The Russian atniospheric scientists Karol et al.'4analyzed two sets 
of conditions to determine the local impact of NO, and chlorine 
production from the Space Shuttle vehicle. Figure 14 presents the 
impact on local column ozone changes comparing the baseline 
calculations shown in Fig. 13 (Scenario A) assuming HCI and NO, 
are the primary ozone-depleting chemistries in the plume with a 
second scenario (Scenario Bj  with decreased NO, production and 
all chlorine from the SRBs in the form of chlorine gas (Cl') rather 
than HCI. As shown in Fig. 14, total column ozone destruction at 
any given time is less than 8 percent and is restored to normal 
background levels within a few hours after launch. The production 
of C l l  rather than HCI results in slightly more ozone destruction, 
but does not significantly affect the recovery time. 
Computer modeling work conducted by Denison et al. at TRWI5 
suggests that HCI from solid rocket plumes may be quickly con- 
verted to CI2 at high altitudes from afterbuming. The TRW paper 
describes model calculations examining the local effects of solid 
rocket exhaust on stratospheric ozone at different altitudes. The 
afterburning calculations suggest that a significant fraction of the 
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Fig. 14. Local Column Ozone Changes 
From Shuttle Launch 
HCI is converted to Clz in the hot plume-about 20 percent at an 
18-kilometer altitude and as much as 80 percent at 30 kilometers. 
Ozone depletion is extensive during the first few minutes follow- 
ing a launch, but quickly recovers (within about one-half hour) to 
near background levels. It was found that the rate of plume disper- 
sion has a very significant effect on local ozone loss. The differ- 
ences in plume dispersion rates explains, at least in part, the differ- 
ences between the Karol results'4 and the TRW results." Both 
studies iridicated local total column ozone depletion less than 10 
percent; the major differences noted were in the time it took for 
recovery. The TRW results predicted much more rapid loss and 
recovery within seconds to minutes while the Karol results indi- 
cate somewhat similar impacts with total recovery occurring over 
a much longer period of time, i.e., a few hours. 
Plume modeling work reported by Dr. R. B. Cohen of the Aero- 
space corporationI6 has also indicated that high temperature after- 
burning reactions may rapidly convert the HCI to active C12 and CI 
in the plume in the stratosphere. More recent work done by Ger- 
man atmospheric research scientist, Dr. B. C. Kruger from the 
Institute for Geophysics and Meteorology at the University of 
Ki5ln,I7 has examined the influence of chlorine production from 
solid-fuel rockets on local ozonedepletion in the plume. Dr. Krug- 
er's paper is a model study of the impact of the chlorine emissions 
from the Space Shuttle SRBs at various altitudes as a function of 
distance from the center of the plume as the plume evolves over 
time. Chlorine emissions were considered both in the form of HCl 
and C12. The cases run were I00 percent HCI, 95 percent HCI and 5 
percent Clz, and 50 percent HCI and 50 percent Clz. For the case of 
loopercent HCI, Kruger predicts that ozonedestruction will begin 
between 5 and lominutes afterlaunch as theHCI reacts and begins 
to release its chlorine. The maximum depletion at 35 kilometers is 
about two percent at the center of the plume and lasts for more than 
24 hours. At lower altitudes, the ozone depletion is much less- 
about 0.19 percent at 28.5 kilometers, and about 0.26 percent at 
3 1.9 kilometers in altitude. Maximum column ozone depletion 
values given by Kruger are related to what an instrument with a 
given field of view (FOV) in orbit would see. In the case of 100 
percent HCI, for a true vertical trajectory, the maximum column 
ozone decrease seen for a 1 ,664-km2 (4 1 km x 4 1 km) FOV instru- 
ment like the NASA total ozone mapping spectrometer (TOMS) 
instrument would be about 0.5 percent. For the case of 50 percent 
chlorine and 50 percent HCI, the ozone is vimally depleted at high 
altitudes within 10 minutes of the launch. Maximum column 
ozone depletion which would be observed by an instrument with a 
1 ,664-km2 FOV is about 3 percent over the entire FOV. The pre- 
dicted column values are somewhat lower than those calculated by 
Karol14 and predict that the TOMS instrument would not have 
sufficient resolution to observe the impact on the local stratospher- 
ic ozone column from a Space Shuttle launch. 
Thermochemical equilibrium calculations for Space Shuttle SRB 
propellant indicate HCI will be produced rather than C12. Exper- 
imental sampling of solid rocket combustion gases at ground level 
has indicated that HCI is the major combustion product at a ratio of 
approximately 10:l over C12. There have not been any plume 
chemistry measurements made at stratospheric altitudes. There 
are very limited experimental data for determining the effects of 
rocket plumes on stratospheric ozone depletion; however, what 
data are available tend to support Russian scientific analysis. 
Ozone reductions greater than 40 percent were measured in the 
exhaust trail of a Titan III SRB at an altitude of 18 kilometers 
approximately 13 minutes after l a u n ~ h . ' ~  Considerable NO, for- 
mation was alsodetected in the plume and the ozone depletion was 
attributed to NO, at that time; chlorine measurements were not 
made. NASA has made several measurements of total column 
ozone concentration directly over Kennedy Space Center (KSC) 
after eight different Space Shuttle launches with the TOMS aboard 
the NIMBUS7 satellite.I9 No evidence of ozone depletion was 
ever detected; however, the measurements that were taken were 
generally obtained several hours after launch. These data appear to 
be consistent with the Russian scientific calc~lat ions '~ and the 
Kruger analysis" which would predict that normal background 
levels of ozone are restored within a few hours of the launch and 
the ozone loss at any given time would be below the threshold of 
detectability within the FOV of the TOMS instrument. 
Most of the local and global ozone depletion calculations to date 
have considered homogeneous gas phase chemical reactions only. 
Recent studies of the Antarctic ozone hole have identified the 
importance of heterogeneous chemistries on ice crystals in the 
polar stratospheric clouds. Decreases in mid-latitude ozone levels 
have also been attributed to catalytic activity on the surface of 
finely divided particulate matter injected directly into the strato- 
sphere from volcanic eruptions. The question arises, "Can finely 
divided aluminum oxide (AI2O3) from SRBs, soot from liquid 
oxygen and hydrocarbon boosters, and ice contrails from all 
rockets also provide catalytic surfaces for ozone-destroying 
chemistries?" 
There have been few published calculations for the potential im- 
pact of rockets in this area. The limited heterogeneous modeling 
of solid rocket plumes by several researchers has indicated that 
the effects on local plume chemistry are minor, and, therefore, the 
influence on local ozone depletion, if any, appears to be 
sma11.'5-17.M~21 The impact on global ozonedepletion from rocket- 
produced aerosols is even less significant, i.e., could be responsi- 
ble for about 1/1.000th of the current ozone depletion associated 
with the unperturbed background heterogeneous chemistry in the 
absence of volcanic aerosols.'' 
Analysis of data from volcanoes can provide good qualitative 
insight as to the potential magnitude of particulate matter from 
solid rockets. Figure 15 shows the estimated total integrated sur- 
face area offinely divided particulate matter injected into the 
stratosphere by the El Chichon volcanic eruption in Mexico in 
1982."This figure alsocompares the natural background levels of 
stratospheric aerosols to the total quantities of aluminum oxide 
deposited by nine Space Shuttle and six Titan IV launches if all of 
the AI2O3 were deposited in the same region as the El Chichon 
cloud. The rocket contribution does not include any ice or soot 
particles from the launch vehicles. 
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Fig. 15. Stratospheric Surface Area 
Available for Heterogeneous Chemistry 
Figure 16 shows the maximum estimated ozone depletion in the 
regionof the El Chichon-induced stratosphericcloud ascompared 
to the estimated ozone depletion from natural aerosols and rockets 
producing A1203."." As can be seen from the figure, the ozone 
destruction within the cloud of El Zhichon could be as high as 17 
percent, as compared to the SRB contribution of less than 0.0007 
percent on the same basis. 
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Fig. 16. Estimated Effects of Heterogeneous Chemistry 
on Stratospheric Ozone 
The 1991 eruption of Mount Pinatubo in the Philippines was far 
more powerful than El Chichon. Atmospheric scientists believe 
that the aerosols from this volcano were probably responsible for 
the intensification of global ozone thinning noted since the erup- 
tion of Mount Pinatuba5 
ACID RAIN 
Since SRBs produce hydrochloric acid in the exhaust plume, there 
has been considerable concern over the impact that this acid rain 
may have on the global environment, as well as local launch sites. 
All rockets produce some acid rain as a result of the formation of 
NO, in the near field of the plume from afterburning that forms 
nitric acid in the presence of water. The studies presented here only 
consider HCI from solid rockets as a source of acid rain. 
Figure 17 depicts the annual U.S. contribution to the global acid 
rain problem from various anthropogenic sources, including solid 
rockets.zs.z6.?7 As can be seen from the figure, other energy conver- 
sion processes such as heating and power production (33,000 kilo- 
tons), transportation (9,100 kilotons), and industrial processes 
(6,100 kilotons) clearly overshadow the acid production (3 kilo- 
tons) from solid rocket launches. Most of the acid produced from 
these industrial activities is in the form ofsulfuric acid, with signif- 
icant quantities of nitric and hydrochloric acid also produced. 
Without considering other countries in the world, rockets are re- 
sponsible for less than 0.006 percent of acid rain produced by U.S. 
industries alone. 
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Fig. 17. Annual Contribution to Acid Rain 
(Continental U.S. Data) 
Figure 18 reflects sources of hydrochloric acid other than rockets? 
As can be seen in Fig. IS, natural sources of HCI from the oceans 
(330,000 kilotons), volcanoes (5,000 kilotons), and coal burning 
processes ( I  ,980 kilotons) make solid rockets (3 kilotons) an in- 
~ignificant contributor to global atmospheric HCI releases. It is 
estimated that launching nine Space Shuttles and six Titan IVs 
each year would deposit the same amount of HCI into the tropo- 
sphere as is produced by the Atlantic ocean each year just east of 
the KSC launch site in an area of the ocean represented by a square 
less than 30miles oneach side. On aglobal scale, HCI produced by 
rocket launches is less than 0.001 percent of the total HCI produc- 
tion from the ocean alone and only 0. T5 percent of anthropogenic 
sources, primarily coal burning power plants in the United States. 
ANNUAL CONTRIBUTION TO 
HCI IN THE ATMOSPHERE: 
GLOBAL DATA 
cades. As shown in Table TI, even in very minute concentrations, 
these liquid bipropellants can be a significant health hazard while 
HCI in minute quantities is only considered a corrosive or irri- 
 ant.?^ 
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Fig. 18. Global HCI Releases Table II. Propellant and Exhaust Toxicity 
On a local scale, acid rain from SRBs is more significant and does 
have near-field acidification effects in the vicinity of the launch 
site." These effects are limited to a very localized area within less 
than one-half mile from the launch pad directly in line with the 
SRB flame trenches, as shown in Fig. 19. Some plant and small 
fish (minnows) mortalities occur in the lagoon area just north of 
the launch pad, less than 0.1 square mile of area (which is much 
smaller than the launch pad itself). Catch basins for the sound 
suppression water is neutralized after each launch and the pre-and 
post-launch environmental conditions are documented on each 
Space Shuttle launch. 
Fig. 19. Acid Rain: Near-Field Deposition Area 
TOXICITY 
Hydrochloric acid is the most toxic substance associated with 
cured solid propellants and it is only produced by combustion. 
Storable liquid bipropellants consisting of nitrogen tetroxide 
(N2O4) and hydrazine compounds are far more toxic, but have 
been safely and routinely handled at various launch sites for de- 
Considerable concern has been raised relative to the toxicity and 
corrosiveness of the SRB ground cloud as it drifts away from the 
launch site. Figure 20 represents one of the rare Space Shuttle 
launch plumeconditions that drifted inland ratherthanout overthe 
ocean after the launch." Bionetics Corporation has periodically 
monitored HCI concentrations for NASA and routinely conducts 
model calculations on HCI concentration in the far field of the 
Space Shuttle plume, as shown in Fig. 20. It should be noted that 
the maximum HCI concentration in the ground cloud of 0.9 parts 
per million is well below the American Conference of Govem- 
mental Industrial Hygienists' recommended threshold limir value 
(TLV) of 5 parts permillion for long-term continuous exposure (8 
hours per d a y 4 0  hours perweek). HCI concentrations measured 
in the path of the Titan 111 SRB ground cloud as i t  drifted several 
kilometers from the launch site at Vandenberg AFB have also been 
well below the 5 ppm threshold limit values, i.e., 0.005 ppm to 0.5 
ppm. Aircraft fly-throughs of the srabilized exhaust plumes of the 
Titan 111 and Space Shuttle at 1 to 2 kilometers aboveground level 
have measured HCI concenrrations at the TLV of 5 ppm for 10 to 
60 minutes after launch." 
Fig. 20. Toxicity of Shuttle Exhaust Plume 
There have been some published studies that have suggested an 
association of aluminum compounds with Alzheimer's disease. 
Solid rockets consume less than 0.01 percent of the 69 billion 
pounds of aluminum metal produced in the U.S. each year, and 
approximately 8 percent of the earth's crust consists of aluminum 
compounds, such as oxides, silicates, etc. Furthermore, many 
pharmaceuticals, food additives, and health care products (de- 
odorants, for instance) contain aluminum compounds. To prevent 
people from throwing away their aluminum cookware and stop 
drinking from aluminum beverage cans, the U.S. Food and Drug 
Administration (FDA), the Alzheimer's Disease and Related Dis- 
orders Association, and the U.S. Environmental Protection 
Agency (EPA) released statements in 1989 that there was no evi- 
dence to support the hypothesis that aluminum contributed to Alz- 
heimer's disease. 
GLOBAL WARMING 
It has been postulated by several scientists that production of cer- 
tain gases, such as carbondioxide (COz), from the continued bum- 
ing of fossil fuels could eventually cause more of the sun's energy 
to be trapped in the earth's atmosphere, resulting in global w m -  
ing or a greenhouse-type effect. As shown in Fig. 21, the amount 
of CO* produced from chemical rockets is extremely minute, rep- 
resenting less than 0.00004 percent of anthropogenic sources of 
co2.27.32 
RELATIVE ANNUAL CONTRIBUTIONS 
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Fig. 21. Greenhouse Effect Gases  
It has also been suggested that particles from rocket launches 
could also contribute to global warming conditions or possibly 
global cooling. As indicated earlier, aluminum oxide deposited 
into the stratosphere by SRBs is so small that it would take nearly 
300,000 Space Shuttle launches to equal a volcano the size of El 
Chichon. 
CONCLUSIONS 
Based upon our current state of understanding of the earth's atmo- 
sphere, the following conclusions can be drawn relative to the 
impact of chemical rocket launches: 
1. The environmental impact of chemical rocket propulsion is 
extremely small, i.e., annual global stratospheric ozone deple- 
tion and tropospheric acid rain contributions are estimated to 
be less than 0.01 percent. 
2. There is no significant difference in local stratospheric ozone 
depletion from the U.S. Space Shuttle with its solid rocket 
boosters and the all-liquid Russian Energia launch vehicle, 
and the impact is small even at launch rates as high as 50 flights 
per year of either vehicle. 
3. Contrary to manmade CFCs, chemicals released from rockets 
are not foreign to the environment, but represent an extremely 
small fraction of large natural reservoirs of these materials in 
the atmosphere. 
4. As a potential source of chlorine in the stratosphere, all rocket 
launches combined produce less than 0.25 percent of thechlo- 
rine introduced by CFCs on an annual basis. Enactment of the 
ban on the production of CFCs by 1996 will eliminate 99.75 
percent of the current anthropogenic sources of new chlorine 
that could eventually find its way to the stratosphere. 
5. The impact on the potential for global warming due to COz 
from chemical rockets is minuscule (less than 0.00004 per- 
cent). 
6. Local launch site area acidification is minor and manageable. 
7. There is no rocket system that is totally '%lean," and the envi- 
ronmental improvements available appear to be very limited. 
The amount of energy released to place objects intoearth orbit 
will cause some minor damage to the earth's atmosphere inde- 
pendent of rocket chemistry. 
8. The benefits of obtaining global weather and environmental 
data from satellites and space laboratories in earth orbit far 
outweigh the minor environmental impacts of placing these 
assets into space. 
RECOMMENDATIONS 
Recommendations for further work are primarily focused on im- 
proved atmospheric computer modeling, environmental data 
gathering, and establishing reasonable environmental criteria for 
future launch systems. These following recommendations are 
summarized: 
I. More measured data need to be obtained to verify the minimal 
impacts that are being projected. 
2. Atmospheric computer modeling, which includes both homo- 
geneous and heterogeneous chemistry, needs to reflect actual 
measured conditions for improving confidence in future pro- 
jections and assessing effectiveness of potential mitigating 
strategies. These models need to include afterburning, equi- 
librium and non-equilibrium plume chemistry and combined 
exhaust gas chemistry from mixed propulsion launch ve- 
hicles. 
3. "Clean" solid propellant work shouldbe renamed "alternative 
propellants" and continued on a laboratory scale until more 
atmospheric experimental data are available to verify the 
minimal environmental impact conclusions that have been 
drawn to date. 
4. New launch system development should include criteria for 
assessment of the environmental impacts along with safety, 
performance, reliability, and cost requirements. 
5. A detailed environmental-cost-benefit-risk analysis should 
be conducted for any new launch system, and any potential 
environmental benefits that are identified should be adequate- 
ly demonstrated and verified prior to incorporation into the 
launch vehicle. 
Based upon the environmental impact studies conducted to date, 
there is no reason to modify any launch vehicles or change any 
propellant chemistry at this time. 
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ABSTRACT 
The waste production, mitigation and disposal practices of the United States chemical propulsion 
industry have been investigated, delineated, and comparatively assessed to the U.S. industrial base. 
Special emphasis has been placed on examination of ozone depleting chemicals (ODCs). The research 
examines present and anticipated future practices and problems encountered in the manufacture of solid and 
liquid propulsion systems. Information collected includes current environmental laws and regulations that 
guide the industry practices, processes in which ODCs are or have been used, quantities of waste produced, 
funding required to maintain environmentally compliant practices, and preventive efforts. 
COMPARATIVE SEE OF THE INDUSTRY 
The U.S. gross national product (GNP) for 1994 has been estimated at approximately 6.7 trillion 
dollars. (1) The Aerospace industry accounts for approximately 92 billion dollars of manufactured goods, 
or 1.3% of the GNP. (1) It also accounts for a disproportionately high (approximate) 25% of the research 
and development "technology" expenditures in any given year. (1) Space propulsion units and parts, which 
equates in this paper to the chemical propulsion (CP) industry, accounts for approximately 3.7 billion 
dollars of the Aerospace total (-4%); this is approximately 0.06% of the GNP. (1) The research and 
development expenditures for space propulsion are similarly disproportionate within the total Aerospace 
expenditures. The resultant is that the chemical propulsion industry may account for 3% of the nation's 
research and development "technology" expenditures (calculated assuming a 10-15% fraction of Aerospace 
dollars, and based on approximately $1,000,000 of the CP industry's total dollars). The following 
delineation is instructive in revealing the comparative size of the CP industry to other U.S. manufacturing 
areas: (1) 
Aerospace: $ 92,300,000,000 
Aircraft 
Airaaft engines and parts 
Aircraft parts and equipment 
Guided missiles/space vehicles 
Space propulsion units and parts 
Space vehicle equipment 
Motor vehicles and parts (estimated for 1994) $ 175,800,000,000 
Net sales and revenue (GM, Ford, Chrysler-1992) 236,400,000,000 
Profit (GM, Ford, Chrysler - 1992) 27,100,000,000 
Petroleum products (1990) - U.S $ 237,681,000,000 
This paper presents specific issues related to the aerospace industry and samples of its advances in 
meeting pending legislation. The samples are taken from manufacturing waste practices of the four major 
United States space launch vehicles. These four vehicles are the Atlas, Delta, Titan, and Space Shuttle. A 
significant portion of the research, development, and technology insertion dollars From the chemical 
propulsion industry are currently targeted at environmental issues associated with pending and existent 
legislation. ?be federal government bas passed, and continues to pass, laws regulating hazardous waste 
generation. Figure 1 graphically depicts the increase in environmental laws in recent years. (2) 
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Figure 1. Major U.S. Legislation: 1906-1988 
Much of the environmental legislation applicable to aerospace manufacturing processes is at the 
federal government level. Tbe major federal laws and regulations affecting all aerospace manufacturers are 
listed as follows: 
- Clean Water Act (CWA) 
- Clean Air Act (CAA) 
- Clean Air Act Amendments (CAAA) 
- Resource Conservation and Recovery Act (RCRA) 
- Comprehensive Environmental Response, Compensation and Liability Act (CERCLA) 
- Superfund Amendments and Reauthorization Act of 1986 (SARA) 
- Federal Insecticide, Fungicide, & Rodenticide Acts (FWRA) 
- Hazardous Material Transportation Act (HMTA) 
- Endangered Species Act (ESA) 
- Toxic Substances Control Act (TSCA) 
- National Environmental Policy Act (NEPA) 
- Pollution Prevention Act (PPA) 
- Occupational Safety and Health Act (OSHA) 
- Oil Pollution Act (OPA) 
- National Emission Standards for Hazardous Air Pollutants (NESHAPS) 
The CAAAs have particular impact on the industry's use of ODCs. Title VI of tbe CAAAs divides 
the ODCs into two classes. Class I chemicals are CFCs, halons, carbon tevacbloride and 
methylchloroform. This group will be phased out by January 1, 1996. Class I1 chemicals are 
hydrochlorofluorocarbons (HCFCs) and will be completely phased out by January 1,2030. (3) 
The trend toward legislative controls is anticipated to continue. Currently, there are 159 
NESHAPS planned for promulgation by the year 2000. The chemical propulsion industry appears to have 
significant impacts from approximately 34 of these at this time. Each industrial group will have 18 months 
(from promulgation) to get their reporting processes in place and three years for complete implementation 
and compliance. Following these impacts, legislation covering additional water resource concerns is 
anticipated. 
ISSUES SPECIFIC TO THE INDUSTRY 
While the manufacturers of the chemical propulsion vehicles face the elimination or reduction of 
Chlorofluorocarbons (CFCs), hazardous air pollutants (HAPS), volatile organic chemicals (VOCs) and 
accompanying legislation and Acts governing U.S. manufacturing, there is one substantive difference 
between this industry and many others. The chemical propulsion industry has critical, and precariously 
non-robust, technologies that govern the utilization of large liquid and solid propulsion systems. 
Manufacturing aerospace components and assembly systems is a highly specialized process and 
demands an extraordinary degree of perfection. Specifications require that, after cleaning, parts are left 
with less than one milligram per square foot of contamination. Anything less than absolute cleanliness may 
have dramatic consequences. For example, unpredicted outgassing -- an accidental introduction of particles 
into the space environment -- can have an extreme consequence. Even the slightest residue can interfere 
with tiny valves; a single unwanted particle can clog a small bearing. Chlorinated hydrocarbons and CFCs, 
long the solvents of choice in aerospace and other precision manufacturing operations, are typically used to 
clean hardware in preparation for further manufacturing (e.g., machining, welding, coating, bonding) or 
final assembly. (4) The above legislated changes affect the chemistry involved in the cleaning, bonding, 
measurement and chemical constituents of the empirically derived databases that govern chemical 
propulsion system design and usage. 
The replacement technologies required for the liquid and solid propulsion industries and the 
consequent technological challenges to the reliability and safety of the chemical propulsion systems are 
specific to the propulsion moiety. The solid industry has two current, significant, major challenges: 
pending elimination of 1,l.l trichloroethane (TCA) and the disposal of waste propellants from current and 
past manufacture. Additional (and significant) funding is being targeted at ancillary vehicle systems (thrust 
vector control, avionics and paindcoatings) that, potentially, have other manufacturing indusuies 
addressing similar issues. The liquid propulsion industry's most significant problems are associated with 
the elimination of CFCs, and specifically CFC- 1 13. 
As before, it is instructive to provide comparative utilization values for those chemicals cited for 
elimination by the CP industry and the total U.S. manufacturing citations: (5,6,7,8) 
Solid industry specific chemicals: 
U.S. production of 1.1.1 trichloroethane (1992) 
NASA utilization of TCA 
CP industry utilization of TCA (estimated) 
Liquid industry chemicals: 
U.S. production of CFCs (1993) 
NASA utilization of CFCs (1992) 
CP industry utilization of CFCs (estimated) 
69 1,630,000 Ibs 
1,000,000 Ibs 
4,000,000 1bs 
257,000,000 Ibs 
644,904 Ibs 
2,000,000 lbs 
U.S. production of CFC-113 (1991) allowed 80,000,000 lbs 
U.S. production of CFC-113 (1992) allowed 60,000,000 1bs 
U.S. production of CFC-113 (1993) allowed 40,000,000 1bs 
U.S. production of CFC-113 (1994) allowed 15,000,000 Ibs 
NASA utilization of CFC-113 (1992) 404,251 Ibs 
CP industry utilization of CFC-113 estimated 1,200,000 lbs 
Note: The estimated values for total chemical propulsion industry usage of TCA, CFCs and CFC-113 are 
taken by scaling the accurate NASA numbers to their relative portion of the thrust capability and materials 
to be cleaned within the industry. It has also been estimated that the current production is approximately 
three-fourths of allowed capacity. 
These values may be conservative by up to 30%. It is readily evident that the solid industry 
represents approximately 0.5% of the TCA usage in the U.S. Similarly, the liquid propulsion industry 
represents approximately 0.8% of the total U.S. CFC usage and approximately 2% of the total CFC-113 
usage. However, the chemical propulsion industry is providing a very significant portion of the research 
funding required for its specific needs in replacement technoIogies for TCA and CFC-113. NASA's portion 
alone may well exceed $5 - $10,000,000 exclusive of technology insertion and system (and new facility) 
development, test and qualification. (5) 
To make a chemical propulsion system viable, the propellants must account for upwards of 85% of 
the mass of the system. Although the manufacture of these propellants (for liquids) is produced by subtier 
venders to the propulsion industry, and for solids is a complex mixture of materiaIs provided by subtier 
vendors, the significant proportion of these materials in a chemical propulsion system requires investigation 
for appropriately detailing the manufacturing impacts of the industry to the environment. Solid systems 
use approximately 20 million pounds per year whereas the liquid indusby uses approximately 70 million 
pounds per year of propellants. Three propellants make up the majority of the U.S. liquid propulsion 
system usage: (1,9,10,11) 
North American production capacity for hydrogen 225 short tonslday 
= 164,250,000 lbs/yr 
NASA hydrogen utilization (1992) 1 1,000,000 lbs 
CP industry hydrogen utilization (estimated) 20,000,000 lbs 
U.S. production capacity for oxygen 
CP industry utilization (FY93) 
U.S. production of jet fuel 
U.S. production of residual fuels 
U.S. use of RP-1 (kerosene rocket fuel) 
6,750,020,000 lbs 
50,ooo,000 Ibs 
So the indusuy usage is approximately 12% of hydrogen production capacity, 0.75% of the 
manufactured oxygen capacity and 0.0065% of the fuels similar to rocket fuel manufactured yearly in the 
U.S. These values are again a small percentage of the total production. 
Cleaning of cryogenic oxygen processing and propulsion equipment is critical to ensure product 
purity and safe operating conditions. The oxygen compatibility of materials is a function of local energy 
density and energy density rates, making the performance of materials in these environments a statistically 
predictable issue. Significant testing and data is required to adequately develop the statistical predictions. 
Higher energy density and rates (functions of purity, flow velocities, temperature and pressure) increase the 
likelihood of the occurrence of a combustion event. But it also increases the likelihood that the areas of 
significant concern reside further into the tails of the population. This results in significant issues solely 
relevant to the chemical propulsion industry, and the correspondingly high research and development 
expenditures. 
The prime constituents in the manufacture of solid propulsion systems are ammonium perchlorate, 
rubber (binder) and aluminum. Twenty to 30 million pounds of ammonium perchlorate per year may be 
used. The primary constituents for this material are table salt (NaC1) and ammonium chloride. (10) This 
material usage represents a very small fraction of the salt and ammonia markets. The aluminum usage is 
covered below and the rubber material usage is minimal. 
The solid propulsion manufacturing industry uses TCA as a vapor &greaser to clean adequately 
the large steel pressure vessels in preparation for bonding the insulation and propellant materials. These 
bondlines are one of the most critical feature of a solid rocket motor, inspection may be difficult and 
debonds may be catastrophic. Again the margin for failure is limited and the requirements for cleanliness 
somewhat unique to this industry. Substantive progress has been made toward reduction of TCA usage in 
the majority usage processes (e.g., the vapor degreasing systems) but some critical processes, using less 
than 10% of the industry total usage, require significantly more research to qualify. Qualification for end 
product certification is also a substantive issue within the solid propulsion industry. Labscale testing, 
which is of relatively minor cost, often can not simulate the kinetic and thermodynamic effects present in 
large (or full scale) systems. Statistical testing of large systems is rarely possible; the shuttle redesigned 
solid rocket motor tests may cost upwards of $15,000,000 apiece. 
The solid industry also has an issue with disposal of scrap propellant and of the obsolete systems 
requiring destruction under existing arms control treaties. It has been estimated that approximately 140 
million Ibs of solid rocket propellants will require disposal between 1993 and 2005. (12) The Air Force, as 
the largest customer in this area, prepared a Statement of Operational Need (SON AFLC 003-90) in April 
of 1991 for "Solid Rocket Propellant Disposal". Compounding this issue, the number of disposal sites was 
reduced from approximately 1200 in 1980 to less than 200 in 1987. (12) Current data is unavailable, but 
open pit burning of propellants clearly has a limited useful lifetime. 
It is instructive to compare the production of hazardous waste (per year) from the solid industry to 
that of the U.S. and chemical manufacturing industries: (1,2,12) 
U.S. Hazardous Waste -300,000,000 tons 
Chemical Manufacturing Industry Hazardous Waste -213,000,000 tons 
Department of Defense Hazardous Waste -650,000 tons 
Solid Propulsion Industry -6,500 tons 
The solid industry's waste is divided as follows: (12) 
Propellant - Residue 7,270,000 4,701,000 
Propellant Testing 5,380,000 3,574,000 
Otber (inert, lab, etc ....) ~,040,000 3,456,000 
Solvents 979,000 1,143,000 
These data reveal approximately a 20% reduction in the industry's waste sueams and clearly define the 
largest issues to be propellant disposal. Overall however, the industry represents approximately 0.02% of 
the U.S. hazardous waste totals. 
Compliance costs have also risen considerably. The Air Force has estimated that equivalent man- 
years associated with environmental compliance rose by approximately a factor of 10 between 1980 and 
1990. (2.12) Substantive research in these areas is ongoing. Full implementation may cost in the hundreds 
of millions to low billions of dollars with anticipated recovery estimated in the low hundreds of millions of 
dollars. (2,12) 
The use and manufacture of nitrogen tetroxide and hydrazines will not be explored within this 
paper. Their environmental constraints are among the most mature of the chemical propulsion 
manufacturing community due to their inherently hazardous nature. 
The other major components of liquid and solid propulsion systems are the pressure vessels, which 
are either steel or aluminum. The indusay uses on the order of 10 million pounds of steel per year versus 
the steel industry's U.S. consl~mption of 185 billion lbs, or 0.0054%. The chemical propulsion industry 
uses approximately 5 million pounds of aluminum versus the aluminum industry's 17.162 billion Ibs (total 
shipment), or 0.03%. (1.1 1) 
The total poundage of HAPS, VOCs and ODCs used by the chemical propulsion industry has been 
shown to be minimal, and the industry's contribution to the development of replacement technologies quite 
substantive. It is revealing to note an Environmental Protection Agency assessment that estimates that 
three years after promulgation of the Hazardous Organic Emissions Standard for Hazardous Air Pollutants 
the emissions at chemical plants should reduce by up to 1 billion pounds (or about 80%). (1) Usage by the 
chemical propulsion industry of such chemicals clearly pales in comparison. This follows a reduction of 
358, by U.S. chemical producers, of toxic releases to the environment between 1987 and 1991. (1) 
INDUSTRY ADVANCES IN MEEIWG PENDING LEGISLATION 
The following information relates specific environmental advances in the manufacture of the 
Atlas, Delta, Titan and Space Shuttle, and relies solely on information shared by the vehicle col~tractors. It 
is not intended to be an exhaustive research of each aerospace company's use of ODCs, but rarher a sample 
of ODC usage and the concerted efforts to reduce a eliminate their use. 
Btlas 
The Atlas II is a medium-lift commercial launch vehicle developed by Genaal Dynamics Space 
Systems Division (GDSS) and manufactured in San Diego, California. Thii vehicle is primarily used by 
commercial interests. mote: GDSS was recently purchased by the Martin Marietta Corporation (MMC) 
who also owns the Titan launch vehicle; however, the research for this document relies on data obtained 
while tbe Atlas was owned by GDSS]. 
The Atlas program has produced several significant environmental achievements in the production 
of the vehicle since 1990. TCA emissions have been cut 86% from 1990 to 1993 to save over 640 tons of 
TCA while production rates for precision cleaned hardware have been increasing. (13) For the period of 
July 1990 to May 1994, Atlas has eliminated historically derived use of 1,775,670 lbs of TCA. (14) Tbe 
Atlas program cut both their division ozone-depleting emissions and their Fonn R-reported emissions 79% 
and achieved virtually zero air toxic health risk at their Kearny Mesa plant. (13) They have eliminated 
CFCs from precision cleaning and from nearly all other processes. "Industrial toxics" emissions have been 
reduced 57% from their 1988 baseline. These achievements have earned the Atlas Program environmental 
awards which include a 1992 Environmental Protection Agency (EPA) Stratospheric Ozone Protection 
Award and a 1993 San Diego Industrial Environmental Association "Environmental Responsibility 
Award." (13) 
The Atlas Program has several initiatives planned for its Environmental Resources Management 
(ERM) program. Plans are to eliminate ozonedepleting emissions, reduce EPA "industrial toxics" 
emissions 90%, implement a comprehensive hazardous materials management program, eliminate air toxic- 
related health risks at the Kearny Mesa plant, develop and implement a "world class" ERM program, and 
implement a state-of-the-art alkaline precision cleaning p e s s .  (13) 
Some of the program's ERM goals for 1994 include establishing a hazardous materials 
management program, eliminating TCA, TCE and CFCs from all processes, continue building a "world 
class" pollution prevention program, continue building a ''world class" energy conservation program, and 
continue building "world class" regulatory compliance programs. (13) 
m 
The Delta I1 is a medium-lift commercial launch vehicle developed by McDonnell Douglas 
Aerospace (MDA) and manufactured in Pueblo, Colorado. Primary users are the Department of Defense 
(DoD), NASA, and commercial interests. 
MDA is proceeding with its plan to replace ODCs currently being used in the manufacture of the 
Delta vehicle. MDA is working to select and implement substitute materials and processes to assure 
uninterrupted manufacture of their product. A schedule has been established to accomplish these goals in 
three phases: Phase 1 - &fine the problem; Phase 2 - &fine the solutions; and Phase 3 - implement the 
solutions by the end of 1996. (15) 
The Phase 1 search of vapor degreasing requirements is almost complete. TCA is currently used 
for vapor degreasing operations. Isopropyl alcohol has been chosen as a replacement handwipe cleaner. 
(16) 
n a u  
The Titan launch vehicle was developed by Martin Marietta Corporation (MMC) and is 
manufactured at their plant in Denver, Colorado. MMC offers the Titan III for commercial and NASA 
uses, while the Titan IV is used primarily by DoD. 
MMC has an environmental program actively in place to eliminate or significantly reduce 
hazardous wastes in the manufacture of the Titan vehicle. MMC has defined objectives to reach their 
environmental goals. They intend to drastically reduce the use of solvents and other toxic chemicals by 
identifying and implementing suitable alternative cleaning technologies and/or material substitutes. They 
will also work to reduce tbe company's exposure to existing regulations and future liabilities. (4) 
These objectives are apparently already being met. MMC's pollution prevention projects have 
resulted in a combined reduction of 90% of toxic releases (base year of 1987). Total hazardous waste 
generation has been reduced from 1.100 tons in 1987 to 175 tons in 1992. (4) 
TCA has been the favored solvent for Titan manufacturing operations involving first stage 
degreasing, a process which removes shop dim as well as the fsh-oil-like substance that coats and protects 
aluminum panels from corrosion. After an exhaustive search for a replacement, MMC chose a nontoxic 
aqueous cleaner called Daraclean 282 as an acceptable alternative to TCA vapor degreasing. MMC has 
now virtually eliminated its use of TCA, reducing annual consumption by 98% in 1991 compared to 1988. 
Daraclean 282 is biodegradable, easily recyclable, and has no known harmful environmental effects. There 
is no known employee health risk and it cleans surfaces better than the TCA it replaced. (4) 
CFC-113 is generally used as the principal cleaner in the second stage of cleaning. The 
replacement search for this cleaner ended with isopropyl alcohol (IPA). IPA had been used successfully in 
other operations for over twenty-five years and met all performance requirements. Also, alcohol evaporates 
readily, leaving less residue than the other compounds tested. The new IPA cleaning system eliminates the 
use and release of approximately 55,000 pounds of CFC-113 a year. Distillation and volatile organic 
compound (VOC) treatment have also been added to the system, facilitating IPA recycling and reducing 
VOC releases to nearly zero. (4) 
SDaceShuttle 
The Space Shuttle is manufactured by NASA in association with prime contractors Rockwell 
International, Rocketdyne, Martin Marietta, and Thiokol. Users thus far have been NASA, DoD, industry 
academia and international partners. The Space Shuttle'is comprised of several major elements including 
the orbiter, external tank (ET), solid rocket boosters (SRBs) and Space Shuttle main engines (SSMEs). The 
focus of waste disposal for the Space Shuttle is on the ET, SRB, and SSME since new orbiters are no 
longer being manufactured. 
External Tank MMC is the primary contractor for the ET, which is manufactured at the Micboud 
Assembly Facility (MAF) in New Orleans, Louisiana. Seved pollution sources originate from various ET 
production operations including aluminum barrel panel and propellant tanks cleaning, primer coating, 
sprayed-on foam insulation, liquid oxygen tank proof test and cleanliness verification. They are carefully 
monitored and handled to ensore safety and environmental compliance. Control systems designed to 
manage the sources and abate pollution include carbon adsorption, thermal oxidizers, air suippers, a 
hazardous waste storage facility, incinerators, and a solvent recovery system. (17) 
In their pollution prevention effort, MMC has targeted chemicals in response to ODC phase-out, 
the EPA 33/50 commitment, and Louisiana Air Toxic maximum emission rates. The goals are to maintain 
methyl ethyl ketone emissions Mow 20,000 lbs (minor source), maintain chromium emissions less than 25 
lbs and eliminate where possible, apply maximum available control technology (MACT) to dichloral 
methane emissions by 1996, eliminate CFC usage, and apply MACT to trichloroethylene (TCE) emissions 
by 1996. (17) 
Space Shuttle Main Engine. Rocketdyne is the primary SSME contractor and is located at Canoga 
Park, California. Rocketdyne established a Hazardous Materials Elimination Team (HMET) in 1989. (18) 
HMET is actively pursuing methods to eliminate use of chrome, CFCs, TCA, VOCs, and other hazardous 
chemicaIs from their manufacturing processes. Chrome is currently used in the following processes: 
chromic acid anodizing, chrome plating, zinc-chromated primers, and dry film lube containing chrome. 
CFCs are used for circuit board defluxing, hydraulic fluid particle counts, freon blown foam, cooling 
systems, and cleaning. TCA is used primarily for fine cleaning of parts. VOCs are used as solvent 
handwipes. All of these materials are scheduled for elimination. (19) 
One of HMETs primary tasks is the elimination of ODCs. The group has been insmental in the 
elimination of CFC-113, traditionally used as a solvent to clean electrical assemblies and rocket engine 
hardware. This was accomplished by modifying equipment and replacing the CFC solvent with other 
materials. The team has overseen an 85% reduction in Rocketdyne's use of TCA, which they use primarily 
in vapor &greasers for cleaning hardware. (18) They have deactivated 11 of 14 TCA vapor degreasers and 
made improvements to the remaining large units. In 1995, when TCA is totally eliminated from 
Rocketdyne's manufacturing processes, tbe facility will be converted to a water-based cleaning process. 
Rocketdyne is also eliminating Freon-1 1, another ozone-depleter that is used to apply insulation on the 
SSMEs. They have evaluated an alternative foam that uses carbon dioxide instead of Freon as the blowing 
agent. This new foam is being incorporated into the cryogenic insulation system of the SSMEs. (20) 
Solid Rocket Boosters. Thiokol Corporation is the prime contractor for the Shuttle's SRBs. Their 
manufacturing facility is located near Brigham City, Utah, with refurbishment facilities near Ogden, Utah. 
A variety of O K s  are used in the manufacture of SRBs, most of which are undergoing replacement 
technology efforts. TCA is used for &greasing during refurbishment and manufacturing, tool cleaning, 
diluent, sling liner cleaning, floor usage, mixer bowlblades cleaning, and critical hand cleaning, seal 
surface preparation, and rubber insulation activation. There has been a 50% reduction in TCA usage since 
1989. Thiokol projects an 87% reduction by 1996 with total elimination by 2002. (21) 
In their efforts to eliminate ODCs from the manufacturing process, Thiokol has developed a 
master schedule for replacement of all ODCs currently used. Thiokol plans a 90% ODC reduction for 
manufacturing processes by February 1996. The final 10% ODC reduction should be accomplished by 
1999. (21) The company is in the midst of a five year, $31 million program to eliminate ODCs from the 
solvents used for cleaning the solid rocket motors. The substitutes should be cost effective as well as 
environmentally safe. (22) Efforts have already begun paying off in the form of a 1993 EPA Ozone 
Protection Award. (23) 
Efforts are focusing on new technologies such as ultrahigh-pressure water wash, spray-in-air 
cleaners, low emission vapor degreasing, surface cleanliness measurements, surface chemistry analyses, 
advanced vapor degteasing, and carbon dioxide pellet blasting. To further their efforts, Thiokol has formed 
partnerships with the NASA Operation Environment Team (NOET), NASA: Assured Shuttle Availability 
(ASA), NASA Headquarters - Environmental Engineering, the United Nations Solvents, Coatings, and 
Adhesives Technical Options Committee, the Aerospace Industries Association - Environmental 
Committee, Brigham Young University, and the University of Alabama in Huntsville. (21) 
In summary, the chemical propulsion manufacturing industry is conducting a significant effort to 
pursue environmental replacement technologies for ODCs to assure compliance with federal laws and 
regulations. Efforts to date appear to concentrate on replacement of CFCs and TCA since the production 
and use of these chemicals are scheduled to be banned in the near future. The chemical propulsion industry 
represents a minute fraction of the production and production waste in the U.S., typically below 0.1% but is 
indicated at approximately 3% of the solution. The chemical ppulsion industry's environmental issues are 
comparatively small but the industry has recognized those issues and is proactively addressing them in a 
manner that provides for technology transfer for the rest of the national industrial base. 
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ABSTRACT 
Computational Fluid Dynamics (CFD) technology has been used to assess the exhaust 
plume pollutant environment of the RD-170 engine hot-firing on the F1 Test Stand at Marshall 
Space Flight Center. Researchers know that rocket engine hot-firing has the potential for forming 
thermal nitric oxides (NO,), as well as producing carbon monoxide (CO) when hydrocarbon fuels 
are used. Because of the complicated physics involved, however, little attempt has been made to 
predict the pollutant emissions from ground-based engine testing, except for simplified methods 
which can grossly underpredict andfor overpredict the pollutant formations in a test environment. 
The objective of this work, therefore, has been to develop a technology using CFD to describe the 
underlying pollutant emission physics from ground-based rocket engine testing. This resultant 
technology is based on a three-dimensional (3D), viscous flow, pressure-based CFD formulation, 
where wet CO and thermal NO finite-rate chemistry mechanisms are solved with a Penalty 
Function method. A nominal hot-firing of a RD- 170 engine on the F1 stand has been computed. 
Pertinent test stand flow physics such as the multiple-nozzle clustered engine plume interaction, 
air aspiration from base and aspirator, plume mixing with entrained air that resulted in 
contaminant dilution and afterburning, counter-afterburning due to flame bucket water-quenching, 
plume impingement on the flame bucket, and restricted multiple-plume expansion and turning 
have been captured. The predicted total emission rates compared reasonably well with those of 
the existing hydrocarbon engine hot-firing test data. 
INTRODUCTION 
Russian-built kerosene fueled engines such as RD-170 or its likeness have been identified 
as potential candidates to fly the Single-Stage-to-Orbit Rockets. The potential of forming thermal 
nitric oxides (NO,) and of producing carbon monoxide (CO) has been a concern for ground-based 
engine testing using hydrocarbon fuels. The release of these criteria poIIutants into the 
atmosphere not only contributes to acid rain and ozone depletion (NO,), but also poses as a 
potential threat (CO) to living organisms. It is therefore important to predict accurately those 
criteria pollutant emissions from engine testing for the environmental impact assessment. Several 
simplified analyses have been used in the past for fust principle estimates. For example, 
thermochemical analysis using chemical equilibrium computer (CEC) code' can provide CO 
concentration at nozzle exit plane. However, it over-predicts CO concentration due to the 
omission of its subsequent after-burning with air. In addition, it can not predict NO formation 
unless gross assumption on the amount of air mixing can be made; A perfectly-stirred reactor 
analysis has been reported to treat the plume-air mixing2. Albeit simple, the condition of perfect 
mixing between the plume and entrained air is not justified. Besides, there is an inherent difficulty 
in estimating the residence time; Other methods such as steady two-dimensioal analysis of a free 
exhaust plume can be performed, However, the physics depicted is far from that occurring on a 
test stand and the evolution of the plume is a transient proce'ss. 
The rapid gains made in CFD and computer technologies have made possible the 
development of a computational methodology that can describe the pollutant emission physics 
from ground-based rocket engine testing: 3D air entrainment, 3D multiple-nozzle plume 
interaction and mixing with air, finite-rate afterburning reaction, plume impingement with flame 
bucket and plume quenching through deluge water, and 3D restricted multiple plume expansion. 
In this study, a pressure-based CFD method heavily benchmarked for nozzle, plume, and 
combustion driven flows was used for this development. The hot-frring of a RD-170 engine on 
the F1 Stand was simulated. For the purpose of this study, an 11-species, 18-reaction finite-rate 
chemistry set described the after-burning. A nominal hot-fuing with water-quenching 
(homogeneous two-phase formulation) was computed, along with two cases including the frozen 
chemistry and finite-rate chemistry (both without water-quenching) for comparison. The emission 
rates of the pollutants and the exhaust plume properties were computed and the effects of after- 
burning and water-quenching on the pollutant formation were compared. This resultant 
technology has potentiaI applications in actual rocket launches and in the development of air- 
breathing engines. 
GOVERNING EQUATIONS 
The present flow solver, Finite Difference Navier-Stokes (FDNS) is used to 
provide multi-component, steady-state and unsteady viscous flowfield solutions by solving the 
Reynolds-averaged transport equations such as mass conservation equation, Navier-Stokes 
equations, energy equation and other scalar transport equations. The general form of these 
conservation equations can be written as: 
where p and q = (1, u, v, w, h, k, E and ai) stand for the fluid density and the flow primitive 
variables for the continuity, momentum, energy, turbulence model and species mass-fraction 
equations, respectively. u, stands for the grid moving speed. pe = (pl + pt)/o represents the 
effective viscosity which is a sum of the laminar viscosity and the turbulence eddy viscosity 
divided by a turbulence modelling constant5, o. The source terms S,, for the governing equations 
in 3D space Xi can be written in fully conservative form as: 
where a, Q, and oi stand for the energy dissipation function, heat source and species source 
terms, respectively. G stands for the turbulence kinetic energy production rate which is written 
as: 
The turbulence modeling constant. c, C, and C, are given as 1.15, 1.92 and 0.25 respectively in 
the extended k-E turbulence model6. The extended k-E model is superior than the standard k-e 
model7 in that a second time scale of the production range of turbulence kinetic energy spectrum 
is added to the dissipation rate equation. This extra time scale enables the energy transfer 
mechanism of the turbulence model to respond to the mean strain more effectively. This extended 
k-E turbulence model was rigorously benchmarked with fully developed turbulent channel and 
pipe flows, turbulent free-shear flows, flat plate turbulent boundary layer flow, turbulent flow 
over a backward-facing step, a confined turbulent swirling flow, and dump combustor flows. The 
compressibility effect on the turbulence is taken into account by using the method of Mach 
number corre~tion~'~. 
SOLUTION ALGORITHM 
To solve the system of nonlinear partial differential equations, it uses finite-difference 
approximations to establish a system of linearized algebraic equations on non-staggered grid mesh 
systems. A pressure-based predictor plus multi-corrector time-marching scheme is employed so 
that flow over all-speed range can be analyzed. The time-marching scheme, total variation 
diminishing variation (TVD) discretization, and penalty function tretarnent of the reaction source 
terms are pertient to this work and are depicted in the following. 
Time-Marching Scheme 
The time-marching scheme is described below. For convenience, transformed equation 
(from xi to ti system with J as the Jacobian of coordinate transformation) of Eq. (1) is written as: 
where Fi represents convection and diffusion fluxes in i-dkection. First, Eq. (4) is discretized in 
finite difference form, 
1 
- { (pq)n+ '  - ( P q ) n }  = e ~ ; + ~ + ( i - e ) ~ ;  JAt 
where superscripts n and n+l represent old and new time levels respectively. 8 is a time marching 
control parameter and, 8 = 1.0 and 8 = 0.5 are for an implicit Euler and a time-centered time 
marching schemes, respectively. The following linearization is then incorporated. 
With the above approximations, the final form of the time-marching scheme can be written as: 
The pressure-based multi-corrector solution method is formulated using simplified 
perturbed momentum and continuity  equation^^'^'^. The sirnplifred velocity correction equation 
can be written as: 
or, in discrete form, 
where p represents a pressure relaxation parameter (typical value of 1.0). The velocity and 
density fields in the continuity equation are then perturbed to form a correction equation. 
Neglecting higher order terms, the continuity equation can be written as, 
Substituting Eq. (10) into (1 1) and letting p' = P'tRT, the following all-speed pressure correction 
equation is obtained, 
To reduce potential oscillations in the pressure field, an upwind TVD adaptive dissipation term 
based on the density field, which is described in the next section, is added to the right hand side of 
Eq. (13). Once solution of Eq. (13) is obtained, the velocity and pressure fields are updated using 
Eqs. (10) and (11). The density field is then updated through the equation of state. The 
temperature field can also be modified by using a perturbed temperature correction equation. The 
entire corrector step is repeated 3 or 4 times such that the mass conservation condition is 
enforced before marching to the next time level. For steady-state flow solutions, however, only 
one corrector step is used for computational efficiency. 
Total Variation Diminishing. Discretization 
Second-order central differencing schemes are employed to model the diffusion fluxes and 
the source terms of the governing equations. High-order upwind schemes are used for the 
nonlinear terms, convection fluxes, to maintain solution accuracy and to enhance numerical 
stability. A third-order upwind TVD scheme4 is employed in the present flow solver. Only the 
convection terms are modeled using the TVD flux limiters. The convection terms of the 
governing equations can be expressed by finite difference approximation as: 
where f and h represent first-order fluxes and TVD flux limiters respectively. The TVD flux 
limiters are functioned as anti-diffusion terms to recover the scheme to high-order accuracy. The 
frrst-order fluxes and the TVD flux limiters are given below. 
where the minmod functions in the TVD flux limiters are written as: 
The order of accuracy of this scheme is determined by the parameters a and P. Only the second- 
order and third-order upwind schemes were used in this study. That is, 
- 1 2nd - order upwind 
a = \+ i, 3rd - order upwind 
3-a p=- 
1-a 
The compression factor, P, is used to sharpen the contact discontinuities and slip streams for 
better wave tracking resolution. Other schemes such as second-order and third-order upwind 
schemes and a second-order central plus fourth-order dissipation scheme are also available, 
through input data selection, in the present flow solver. The option using central-difference 
scheme with artifical dissipation has been heavily benchmarked with practical rocket engine 
nozzle, plume, and combustion driven flow tests and applications such as the Space Shuttle Main 
Engine (SSME) performance and nozzlelplume flowfields (compared with JANNAF standard 
codes and hot-fire test data)', SSME start-up and shut-down transients1', transient SSME fuel 
preburner flow1', Ramjet dump combustor flows12, integrated combustion chamber (SSME, . 
Space Transportation Main Engine, 40k) flow and heat tran~fer'~, and base flow characteristics 
for a four-engine clustered nozzle configuration14. 
Penalty Function Treatment of the Reaction Source Terms 
For the gas-phase chemical reaction modeling, a general system of chemical reactions can 
be written in terms of its stoichiometric coefficients (vg and vg' ) and the i-th chemical species 
name (Mi) of the j-th reaction as 
If we define the Arrhenius reaction rate for forward (Rg) and backward (Rbj), 
the net rate of change in the molar concentration of species i due to reactions j, Rg, can be written 
as: 
and the species production rate q (in terms of mass fraction), is calculated by summing over all 
reactions, 
The forward reaction rate for each of the reactions is given by the modified Arrhenius law 
E, K,, = A, ~~j exp (--I 
RT 
and the corresponding backward reaction rate is obtained using 
Kf . 
Kbj =l. 
Ke, 
where Kej is the equilibrium coefficient 
To solve the chemistry system equations numerically, an efficient penalty function 
method" is employed in the present study. In the penalty function method, the system of species 
equations are solved by employing a small time step size based on the assigned tolerance (0.01 
used in this study) for species mass fraction equation, that is 
To ensure species conservation and element balance conditions, the species solutions are subject 
to the following constraints: 
and 
O . O 1 a i  11.0 
A penalty function is therefore devised to ensure the above constraints are met after every time 
marching step. This function is defined as 
1.0-at PF, = for a; -crf>0.0 
a; -a: 
k 
- ai PC = for a: -af ~ 0 . 0  
a; -af 
The allowable changes in species mass fractions, which are the solutions of the species continuity 
equations, are calculated by the following expression such that the second constraint, Eq. (25), is 
satisfied, 
where PF = rnin ( PFi ), i=l, 2, . - . . n. This procedure is a crucial requirement for the 
numerical stability and accuracy of a the present model. The resulting limited changes are adjusted 
so that they are proportional to the species source terms from which the frrst constraint, Eq. (24), 
is satisfied. For transient reacting flow calculations, multiple steps of the penalty function 
procedures are used to reach the flow time step size based on the operator-splitting point implicit 
approach. 
BOUNDARY CONDITIONS 
The present flow solver supports various types of boundary conditions for the inlet, exit, 
symmetry, wall, cyclic/zonal boundaries and singularity lines, etc. For subsonic inlets, fixed total 
pressure or fured mass conditions can be specified. For supersonic inlets, al l  flow variables are 
frxed unless transient inlet boundary conditions are required. In case of incompressible flow 
applications, only pressure field is extrapolated at the inlet boundaries. In the present application, 
the free stream boundary around the nozzles is a modified subsonic inlet with fixed total pressure 
boundary condition to allow air entrainment. This is accomplished by making two assumptions: 
1) air entrainment boundaries are sufficiently far from the nozzles such that the flow is isentropic 
and irrotational; 2) flow is allowed to entering through the air entrainment bounadries only. 
Based on assumption l), Bernoulli's equation is used to solve for the total velocity 
where subscript e indicating quantities extrapolated form the interior and Po is the ambient 
stagnation pressure. Obtaining a total extrapolated velocity from the interior q,, we can compute 
a total velocity at the air entrainemnt boundary as 
where o is defmed as a relaxation parameter. The flow directions are then extrapolated from the 
interior. In order not to violate assumption 2), the total velocity is set to zero if the flow 
directions indicating an outflow condition and the pressure is set to its ambient value. 
RD- 170 is a regeneratively cooled, four-nozzle clustered engine which burns Kerosene 
fuel with liquid oxygen and was used to thrust Energia launch vehicles. Thermochemical analysis1 
was performed for the thrust chamber at a nominal operating condition and the equilibrium 
products at the nozzle exit were used as the input to the propulsion system. Table 1 shows the 
computed flow properties at the chamber, throat and nozzle exit. ~ ~ 1 . 9 4 ~ ~ '  was used as the 
chemical formula for Kerosene fuel. 
Table 1. RD-170 thrust chamber equilibrium flow properties 
It can be seen that a significant amount of CO (24.569%) existed at the nozzle exit. This 
is the amount that could be dumped into the environemnt and can only be chemically reduced 
through afterburning. It can also be seen that there is no soot nor polycyclic aromatic 
hydrocarbon fragments produced throughout the thrust chamber, although graphite carbon and 
polycyclic aromatics were considered. This is to be expected under the nominal RD-170 
operating condition at a near stoichiometric equivalence of 1.2939. Regenerative cooling is 
another factor since there is no need for turbine exhaust dump inside the thrust chamber. 
The inlet condition to the flame trench is supersonic and fmed water mass flow rates are 
specif5ed along the deflector wall and other wall boundaries in the flame trench. The free stream 
around the plume downstream of the trench outlet is frozen at see-level condition with a wind 
speed of 10 ft/sec. At exit boundaries, direct extrapolation (for supersonic outlet only), fixed 
mass or fixed pressure at a point boundary conditions can be specified. The fixed pressure 
boundary condition was used in this study for the downstream plume outlet boundary. For 
symmetry planes, which are the center planes of the computational domain, zero gradient 
boundary conditions are applied for all scalars and tangency conditions are imposed for the 
velocity vectors. Non-slip boundary conditions are employed for the momentum equations at 
solid waIl boundaries. Wall-normal zero gradient pressure boundary conditions are used in the 
code. Isothermal or adiabatic wall boundary conditions can be specified separately for each wall 
segment. In the case of turbulent flow computations using high-Reynolds number turbulence 
models, wall function approaches7p8 are employed, which is the case in the present study. 
FINITE-RATE AFTERBURNING KINETICS 
To accurately predict the contaminant concentrations of the exhaust plume, fmite-rate 
chemical kinetics are included in the numerical modeling. The plume chemistry occurring in the 
flame-bucket1Test-stand flow physics includes the afterburning of CO to COz, thermal NO, 
formation and decomposition, counter-afterburning effect on CO conversion due to water 
quenching and its reduction effect on NOx formation. These are described with a wet CO (12 
reactions) and a thermal NO (6 reactions) finite-rate mechanisms, as shown in Table 2. The well- 
known Zeldovich mehcanism is included in the thermal NO chemistry. For computational 
efficiency, only NO is considered in this work since other species of the NO, family such as NO2 is 
converted from NO and usually exists in trace amount. Their existence is hence included in the 
NO as "equivalent N O .  The wet CO and thermal NO mechanisms are sub-sets of a combustion 
kinetics model for complex hydrocarbon (coal derived) fuels developed for Department of 
Energy16.17,18 . Their reaction rates, in Arrhenius law form, have been validated with Jet-stirred 
combustor data, including blow-out limits, shock-tube measurements of ignition delay t i rne~ '~"~,  
and turbulent diffusion flames and flat flames dataI9. In addition, the thermal NO, reactions have 
also been benchmarked with an industrial burner data2'. 
The formation of thermal NO is significantly influenced by flame temperature than other 
types of NO, e.g., the fuel NO resulting from nitrogen compounds contained in the fuel. Its 
strong dependence on temperature results from both the temperature dependence of the forward 
rate constant of reaction 0 + N2 = N + NO and the sensitivity of 0 atom equilibrium 
concentration to temperature. Production of thermal NO is generally negligible at low 
temperatures. It is therefore expected that most of the thermal NO will be formed in the flame 
front, .i.e., the plume mixing layer near the exit plane of the nozzles. 
Table 2. Afterburning chemical kinetics 
Wet CO Mechanism 
H 2 + 0 2 = O H + O H  
OH+Hz=HzO+H 
O H + O H + O + H 2 0  
0 + H 2 = H + O H  
H + O Z = O + O H  
M + O + H = O H + M  
M + O + O = 0 2 + M  
M + H + H = H 2 + M  
M + H + O H = H 2 0 + M  
CO+OH=H+COz 
C 0 + 0 2 = C 0 2 + 0  
C O + O + M = C 0 2 + M  
Thermal NO Mechanism 
O + N z = N + N O  
N 2 + 0 2 + N O + N 0  
N O + O = 0 2 + N  
M + N O = O + N + M  
N + O H = N O + H  
C 0 2 + N = C O + N 0  
* M stands for third-body collision partner 
COMPUTATIONAL GRID GENERATION 
The grid generation for the nozzles and test stand was performed using an EZSURF 
code2'. It was used to interactively create the edge curves of the nozzle exits, aspirator, flame 
deflector and multi-zone block edges. The initial surfaces were then generated using transfinite 
interpolation in EZSURF. The flame deflector and nozzle exit surfaces were then elliptically 
smoothed. Further work was done on the nozzle exit surfaces using Bezier curve and local 
redistribution in EZSURF. The volume grid for the frrst block (Zone 1) was created using two 
linear stackings; one from the top of the block to the nozzle exit plane and then another form the 
nozzle exit plane to the bottom of the aspirator. The flame deflector block (Zone 2) and 
subsequent external ambience (Zone 3) volume grids were created using transfinite interpolation. 
The F1 Test Stand, standing 230 feet tall with a flame bucket (deflector) attached to the 
aspirator, was used to test F1 engines with which Saturn launch vehicles were propelled. Not 
only does the flame bucket quenches the rocket exhaust plume with deluge water, but also turns 
the vertical flowing exhaust plume to that of a horizontal direction, after which the plume expands 
and dissipates into the atmosphere. Fig. 1 shows the computational domian for the F-1 Stand. 
The RD-170 engine is mounted vertically, ftring down into h e  flame bucket. Due to symmetry, 
only half of the domain was actually computed. The four RD-170 nozzles (mounted beneath the 
platform that is not modeled) and the aspirator are described by Zone 1 which contains 63,360 
grid points (72x40~22). The aspirator itself is mounted on top of the flame bucket such that the 
air entrainment can be promoted and the plumes are centered while impinging at a predetermined 
area in the flame bucket (approximately 45-degree elbow at the bottom). Ambient air is allowed 
to be entrained through the top and four side boundaries of Zone 1. The flame bucket is modeled 
by Zone 2 which composes of 72,000 grid points (72x40~25). The plumes are then quenched 
through water deluge injecting from a11 four walls inside the bucket. The water injection pattern is 
designed as such that most of the water injects at the plume impingement area. 
After passing through the flame bucket (Zone 2), the quenched plumes expand into the 
vast surrounding atmosphere (Zone 3) which is described by 156,975 grid points (91x69~25). 
The relative sizes and loactions of all three zone are shown in Fig. 2. Total number of grid points 
used in this study was 292,335. 
RESULTS AND DISCUSSION 
A frozen chemistry analysis was performed at first for a small period of elapsed time in 
order to establish an initial plume in the system. This not only prepared for the initial flowfields 
for the computation of subsequent parallel finite-rate chemistry and finite-rate chemistry with 
water-quenching cases, but also served as an excellent check of mass conservation using carbon 
balance. This procedure is allowed since the total pollutant emission rates during a nominal 
steady RD-170 hot-firing are desired and not those of an actual start-up sequence. The goals are 
therefore to compute the growth rate of NO and the disappearance rate of CO until they achieve 
asymptotic states. 
Fig. 3 shows the computed velocity vectors colored by Mach number contours to 
represent the entrained air surrounding the bulk rocket plumes. Entrained from surroundings 
close to the open platform, the air accelerated and mixed with the plume bounadry layer and 
entered the opening of the aspirator, where it continuously mixed with the advancing plume 
bounadry layer. In addition to cooling and dilution of the contaminant, the entrained air also 
provides the source of reactants for afterburning and thermal NO formation. Due to a backward- 
facing step geometry between the aspirator and the flame bucket, flow recirculation patterns 
formed underneath the aspirator. 
Fig. 4 shows the computed temperature contours for the water-quenching case. Water jet 
vectors are shown for the top and bottom walls. The water jets at the back wall are mostly 
blocked out by the center temperature contours, whereas the water jets from the front wall are not 
shown for clarity. Most of the thermal NO is formed near the aspirator level where it has the 
most mixing and the hottest temperature. This is in agreement with the characteristics of the 
Zeldovich mechanism. It can also be seen that the plumes impinge on the 45-degree bend section 
of the flame bucket where it encounters the most water-quenching, that agrees with the original 
design. The quenched plumes then turn and partially hit the outer wall, where it moves 
horizontaly out, following the direction of the flame bucket. 
Fig. .5 shows the comparisons of averaged mass fraction in the system for species CO, 
C02, NO and OH, with respect to elapsed time. The averaged mass fraction for CO in the add 
water-quenching case is more than that of the purely finite-rate chemistry case due to the counter 
after-burning effect of deluge water, and vice versa for that of C02. The higher level of OH in 
the finite-rate case shows a higher degree of after-burning reaction, due to higher overall plume 
temperature without water-quenching . Total NO production drops significantly in the add water- 
quenching case. The concentraion of NO in the add water-quenching case is almost two orders of 
magnitude lower than that in the finite-rate chemistry only case. This is not surprising since the 
extent of thermal NO formation depends heavily on the local temperature. The effect of water 
deluge on the formation of NO is the reduction in peak temperature caused by the heat capacity of 
water. 
The computed growth of plume volumes is shown in Fig. 6. It can be seen that the 
growth rates of the plumes have reached their approximate asymptotic states. Obviously, the 
plume energy of the finite-rate chemistry is higher than that of the add water-quenching case. 
Correspondingly, the plume volume growth rate of the finite-rate case is larger than that of the 
add waterquenching case. It is anticipated that the characteristics of computed growth of plume 
energies would be similar to those of plume volumes. These CFD results ultimately serve as the 
basis (input) for the subsequent meteorological cloud dispersion calculation, where the plume 
volume growth rate helps determining the eventual plume size and the plume energy growth rate 
helps determining the magnitude the plume buoyancy force. 
A comparison of the calculated criteria pollutant total emission rates for RD-170 with 
those measured for other Kerosene-fueled engines2' is shown in Table 3. Since thrust levels are 
quite different, the measured emission rates were extrapolated to a RD- 170 level by thrust ratios. 
Although the operations of the engines and test stands are vastly different, and there is a question 
on whether the point sampling technique used in the measurement representative of the whole 
plume. The agreement in terms of order-of-magnitude for these engines is reasonable and 
encouraging. Among RD-170 CFD computations, the emission rate of CO is maximum and that 
of NO is zero for the frozen chemistry case, since afterburning reactions are not turned on, 
whereas the effect of water deluge has reduced the CO conversion rate from 83% of the fmite- 
rate chemistry case to that of 67%. This is of interest since the effect of water deluge also has 
reduced the NO, production by 95%. 
Table 3. Total emission rates 
' based on extrapolation of measured emission rate to a RD-170 by thrust ratio 
CONCLUSION 
A 3D viscous flow, pressure based CFD technology has been developed to predict the 
contaminant emissions from ground-based rocket engine RD-170 propulsion testing. Pertinent 
test stand flow physics such as the multiple-nozzle clustered engine plume interaction, aspiration 
from base and aspirator, plume mixing with entrained air that resulted in contaminant dilution and 
afterburning, counter-afterburning due to flame bucket waterquenching, plume impingement on 
the flame bucket, and restricted multiple-plume expansion and turning, have been predicted. The 
predicted criteria pollutant total emission rates agreed reasonably well with those of the existing 
hydrocarbon engine hot-firing test data. This resultant technology has potential applications in 
actual rocket launches and in the development of air-breathing engines. . 
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Environmental Benefits of Chemical Propulsion 
The benefits of chemical propulsion are tightly linked to the measurement and 
understanding of global climate change and Earth Observation. Anthropogenic and 
natural influences affecting the Earth system are recognized internationally a s  having 
potentially adverse, global consequences over the long term, threatening the current 
standards for quality of life. Measurement of fossil fuel resources, fish, wildlife, 
metals and minerals, once performed with dousing rods and exploration parties may 
now be accomplished via satellite on a global scale. Thus, the availability of chemical 
propulsion allows a measured, sustainable utilization of Earth's renewable resources, 
and an informed utilization of the non-renewable ones. The state-of-the-art technology 
available, enables a quality of life to exist that has never before been possible. The 
consequent human impacts to the environment are also a t  previously unseen levels. It 
is only through effective stewardship of the global resources, which mandates 
comprehensive measurement capabilities, that we can understand and guide makind's 
occupation of the Earth. 
I t  is  important to comprehend, in context, the issues associated with our current 
understanding of global change phenomenon. While the implications of any shift in 
climate are far reaching and without regard for international boundaries, myopic 
decisions, based on incomplete knowledge of our Earth system, can ultimately do more 
harm than good to our environment and economy. Given the current economic 
realities, significant climate shifts, if they do occur, will have global consequences and 
not be limited to the specific, climate affected regions. In response to these identified 
global change issues, a number of research and coordinating bodies for Earth science 
disciplines have emerged throughout the world.[1,2,3,4] The nature of these issues is 
quite complex, a s  are the scopes of the international efforts. Figure 1 represents, in 
summary form, the international organizations involved and their associated prime 
purposes. 
The NASA publication, "Earth System Science, A Closer View," provides a 
comprehensive and concise picture of the environmental interactions which occur on 
time scales ranging from decades to centuries.[5] This conceptual model, shown in 
Figure 2, attempts to identify relationships between extrinsic variables and the 
predominant chemical reactions which control our environment. I t  also serves to 
portray the organized structure required for assessment of these interactions by the 
scientific community. The two largest rectangles represent the Physical Climate 
System and the Biogeochemical Cycles. Within these two broad categories are smaller 
rectangles representing the major subsystems. The arrows denote pathways and 
information flows necessary to integrate the subsystems and characterize the complete 
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Figm 2: NASA's Conceptual Model of ihc Earth System on Ti& of Decades to Centuries 
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Earth system. The ovals represent system inputs and outputs, including both naturally 
and anthropogenically induced sources. Each subsystem comprises a focused scientific 
discipline area. These scientific areas are represented by subroutines within an 
integrated Global Climate Change Model (GCM) to allow predictive analysis of multi- 
variant scenarios associated with global change. 
GCMs analytically model the natural and induced forces within the atmosphere, 
their resultant consequences and, ideally, their interactions with the Earth's land, 
oceans and solar boundaries.E61 These models predict probable outcomes and responses 
of the Earth system due to perturbations. For instance, sensitivity analysis, potential 
anthropogenic impacts and natural disaster scenarios may be assessed, and the 
resultant data evaluated for use in policy and legislative decisions. 
The practice of utilizing computer models to study complex systems is 
widespread throughout the engineering and scientific communities. However, i t  is  a 
commonly accepted fact that the performance of a model is dependent not only on the 
completeness, accuracy and precision of the representation and mathematically 
modeled interactions, but also on the data which specifies the variables. An 
engineering standard requires that models be verified prior to their accepted usage. 
Unverified model data is not typically considered acceptable information. However, if 
potential consequences are so dire a s  to preclude time for model verification and 
validation, the data can be treated as preliminary information, but only with the 
acceptance of a high level of risk. 
Although they represent the best available technology, the current models 
inadequately account for all of the variables and interactions required to accurately 
predict the environment of the future.[7] This inadequacy is due to several factors: the 
tremendously complex nature of the Earth system, a lack of appropriate data, and the 
general state of the science. Furthermore, only a select few portions of the GCMs 
remain verified, and then only in the non-interactive portions. For example, one 
relevant measure of the model verification status is evident daily in the short- and long- 
term weather forecasts. However, the effects that weather has on the ocean currents and 
the Earth's overall energy and moisture balance are neither understood completely nor 
incorporated into the models. 
Those who espouse elimination of satellite monitoring systems in favor of 
ground- or air-based systems do not have a clear understanding of the complexities of 
these issues. Some representative usages and requirements for satellite usage will 
serve, for the purposes of this document, to illustrate these complexities. 
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Chemical propulsion has had a tremendous impact in the meteorological field. 
The ability to launch satellites, afforded by the existence of chemical propulsion, has  
enabled the meteorological community to develop a global meteoroIogical satellite 
network. This network, consisting of polar and geostationary orbiting satellites, 
complemented by a ground-based network of sensors, is operated by the WM0.181 When 
combined with developments in satellite remote sensing technology, this network 
provides continuous, worldwide monitoring of the atmosphere. The data generated by 
this network is responsible for the present validation of this segment of Global Climate 
Models. I t  further enables meteorologists to identify, accurately predict and track 
atmospheric conditions. This ability to forecast and track weather conditions translates 
directly into economic savings and/or gains for many industries. 
These economic gains are evident within the shipping industry. An ocean liner 
transporting cars from Japan to the United States, for instance, has  advanced 
knowledge of the weather ahead on its course. If a typhoon forms in the Pacific Ocean, 
the company, because of satellite technology, knows the predicted course and intensity of 
the storm. If the ship is threatened by the storm, i t  can alter its planned course to avoid 
the weather or return to port, without jeopardizing the crew or cargo. The aviation 
industry has also realized significant economic benefits due to satellite technology. As 
in the case of the shipping industry, scheduling and routing of commercial flights are 
largely contingent upon the weather. Thus, human lives and millions of dollars of 
freight are saved from potential damage or destruction because of our ability to forecast 
the weather accurately. 
The complexity of the Earth system processes presents perhaps the largest 
challenge to scientists modeling the system. Scientists are aware of some modeling 
unknowns, for example: How does vegetation affect the local and global climate, and 
vice versa? How sensitive is the climate to changes in "radiatively important trace 
species?" How does the ocean circulation respond to atmospheric forcing? How will 
changes in ocean circulation affect surface temperature distribution? How will the 
uptake of heat by the oceans affect the alleged global warming? How much is climate 
sensitivity affected by sea ice and cloud?Dl In order to answer these questions, and 
many others, pertinent information is necessary. For instance, accurate measurements 
of the absorption of long-wavelength radiation emitted from the Earth's surface by 
various trace gases, the distribution of water vapor in the atmosphere, associated 
circulation and temperatures are some variables needed to characterize the physicaI- 
climate system. Further information, including sea-surface temperature and the 
resulting wind patterns, radiation measurements and cloudiness data all contribute to a 
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more complete identification of the complex land-sea interaction processes. Until the 
gaps in existing knowledge are filled, investigators must make numerous assumptions 
in Global Climate Models regarding the variables' influence on the processes and their 
interactive roles. 
The modeling unknowns can be treated in sensitivity analysis to allow resource 
prioritization for keying in on the critical areas, a s  noted above. These areas must then 
be assessed with proper validation techniques. This, requires the gathering of 
significant quantities of relevant data in order to improve our knowledge of the Earth 
system. The use of satellites is critical to acquiring this data. Satellites afford us  the 
unique opportunity to monitor large areas 'of the earth a t  one time, while simultaneously 
collecting and transmitting the real-time data. k o m  the vantage point of space, we can 
study the synoptic atmospheric dynamics. This information allows scientists to update, 
validate or change the fundamental assumptions made in the global climate routines. 
Thus, we will push the outer limits of scientific knowledge in the field of atmospheric 
and environmental sciences in order to gain understanding of the world on which we 
live. 
No one single orbit can provide a complete mapping of the Earth.[lO,lll 
Therefore, a coherent selection of satellite missions and placement, combined with polar 
platforms and Space Shuttle flights is necessary to achieve the defined scientific 
objectives via remote-sensing techniques. Current and planned space programs, 
particularly within NASA's Mission to Planet Earth, are designed to address some .of 
these issues. 
However, satellite data alone is not enough to ensure accurate measurement of 
Earth system variables. It is necessary to monitor and record environmental data in 
conjunction with in situ and low altitude observations in order to completely 
characterize a system parameter. In situ observations are useful for identifying and 
characterizing process variables which are more efficiently measured from space. 
Unfortunately, in situ measurements are often constrained by local effects. Humidity 
factors, precipitation, physical location (whether the sensor is near a grove of trees on 
next to asphalt ), albedo, and so forth, all affect the in situ measurement. This site 
variability is difficult to account for in large scale measurement efforts extending over 
multiple geographical regions. Moreover, in situ observations are crucial for remote- 
sensing calibration and validation. Typically, sensing devices require periodic 
maintenance and calibration. A blend of space-based and in situ sensors ensures that 
sensor drift and malfunctions will be identified and corrected in a timely manner -- 
without resulting in excessive data loss. Low altitude data collection is also useful for 
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characterizing complex Earth processes.[l21 I t  provides intermediate information on 
the atmospheric processes, as well a s  performing the calibration and validation 
functions for space-based remote-sensors. Both in situ and low altitude observations 
provide discrete data points, and therefore do not furnish a concise, dynamic picture of 
the global climate and interactions. The use of satellites is then critical to the 
measurement and validation of the GCMs. Chemical propulsion is the only efficient 
and cost-effective mechanism we have to utilize satellites. 
Satellites have a multitude of uses in commercial ventures a s  well. The advent 
of the Global Positioning System (GPS) is a good example of the commercial use of 
satellites, particularly in the aviation industry. The GPS uses a series of satellites to 
triangulate the position of an object or location, in this case, of an  aircraft, equipped with 
an  encoding receiver, and outputs the global coordinates of its position. This 
revolutionary aircraft tracking system eliminates the reliance on the present system of 
radar and tracking stations. Because of GPS, transoceanic airline flights can now 
follow a great circle route rather than flying within suboptimal tracking zones. I t  is  
estimated that  this will save millions of dollars per year in fuel costs for transoceanic 
flights alone! 
The total impact of the GPS will not be fully realized for many years. Its 
potential, however, is extraordinary. In addition to the aviation industry, the GPS has 
beneficial applications in diverse fields ranging from agriculture, environmental 
management, mining, and surveying to maritime and military operations. To operate, 
the GPS requires the unique perspective and range of observation that is possible only 
from the Earth's orbit. 
In conjunction with this new technology, entire industries are being created. A 
similar phenomenon occurred two decades ago, during the initial development of 
satellite technology. The demand for commercial products such as cable television and 
satellite dependent cellular telephones was spawned by the availability of affordable 
vehicles to launch the necessary satellites. Industries which did not exist fifteen years 
ago now employ thousands of people and are valued in the billions of dollars. This use 
of satellites is achievable only through the safe, cost effective, commercial availability 
of chemical propulsion. Advocates who envision non-chemical, non-polluting methods 
for placing satellites in orbit do not have an understanding of the salient issues. 
Propulsion may be thought of as  the process of changing the motion of an  object. 
Balloons, planes and rockets all serve to change the motion of their payloads, placing i t  
either higher in (the case of balloons and planes) of outside of (in the case of rockets) the 
Earth's atmosphere. The atmosphere is generally broken up into four zones: the 
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Troposphere (0 - 20 Km above sea level), the Stratosphere (20 - 50 Km above sea level), the 
Mesosphere (50 - 80 Km above sea level) and the Thermosphere (80 - 300 Km above sea 
leve1).[13] Only rockets can raise payloads into the thermosphere; the highest of high 
altitude balloons can raise payloads into the mesosphere. For the most part, jet planes 
are limited to the stratosphere; although, the lower levels of the mesosphere are 
attainable for limited systems. 
The reasons that only rocket propulsion is viable for lifting payloads into the 
thermosphere are directly related to both the characteristics of the thermosphere and the 
velocities required to enter Earth orbit. The flight of a launch vehicle or space booster 
into orbit involves complex interactions of thrust, drag, gravity, atmosphere, winds, 
vehicle and payload weights, and vehicle efficiency and performance. The ascent flight 
profile is more analogous to a road trip by a delivery truck or the cross country flight of 
an airliner than the flight of a golf ball driven down a fairway or a projectile fired 
from a cannon. It is not only the total energy available to the vehicle in the form of 
propellants, but the judicious application of that energy which makes flight into orbit 
and deep space possible a t  all. Performance efficiency, or the rocket equivalent of gas 
mileage is called specific impulse (Isp). Specific impulse is calculated by dividing the 
total vehicle thrust by the total propellant flowrate. 
Consider that  a satellite in low earth orbit has a constant force (gravity) pulling 
i t  towards earth; the force of gravity is then balanced out by the centrifugal force of the 
vehicle. At the earth's surface, the required velocity to escape is 11,179 d s e c ;  a t  roughly 
300 miles from the surface, the orbital velocity is approximately 7400 dsec.[l41 Today's 
technology precludes flight through the lower atmosphere at these velocities -- 
aerothermal heating alone would melt leading edges or nose cap materials. The 
following arguments reveal why no systems other than chemical propulsion seem 
feasible for placing satellites into earth orbit. 
High thrust is required for a booster to rise fiom its launch pad, which is also 
when the vehicle weight is a t  i ts  peak. These high thrust levels, however, are not 
necessary after the vehicle has passed through the dense lower atmosphere. 
Intermittently, thrust must be reduced during the flight, particularly during the highest 
aerodynamic loading, "max q," and at required points to control the acceleration loads, 
"g limits." A liquid engine can be throttled, and a solid motor can be designed to 
reduce thrust levels during portions of its bum. A typical rocket flight profile, such as  
the one shown in figure 3, is analogous to the operation of a truck stopped a t  a traffic 
light, then traveling up an entrance ramp onto a freeway. As the light changes to green, 
the driver begins to accelerate by using lower gears and pushing the accelerator to 
F i  3: A Typical Rocket Flight Profile 
Second Stage 
Flight Target Orbit 
Downrange 
b 
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increase the engine output. As the truck gains speed, the need to run the engine a t  the 
high power levels diminishes, and the driver shifts into higher gears. By the time the 
truck reaches highway cruising speed, the engine is running a t  a power level which 
produces about 20 - 25% of its maximum horsepower. 
Propulsion systems alternative to chemical propulsion have been and are being 
studied, but none have demonstrated the versatility that chemical propulsion exhibits. 
Energy can be supplied by both electromagnetic radiation and nuclear reaction. Force 
fields, gravitational or magnetic, have been utilized for limited types of propulsion. 
Nuclear energy sources inject heat to a working fluid, typically hydrogen, which then 
transfers kinetic energy in the form of ejecta out of a nozzle to provide propulsion. 
Nuclear propulsion is a special case of liquid propulsion. The high mass of the reactor 
and the low density of the hydrogen gas penalize i ts thrust capability, making i t  
unsuitable for earth-to-orbit applications. However, nuclear propulsion provides a very 
high specific impulse and consistent, long duration energy source; thus i t  is suitable for 
interplanetary missions where total impulse, not thrust, is a prominent discriminator. 
Similarly, electric propulsion provides low thrust, long duration propulsion capability. 
Electrostatic and ion propulsion do not involve the expansion of gas in a nozzle. 
They provide electrostatic field acceleration of ions, typically xenon, that results in 
vehicle thrust. Solar energy is useful in space, but also provides a low thrust, high Isp 
type system. The Sun is the source for a solar sail, which is external to the vehicle. 
These type systems are useful for attitude control, but following the rationale cited above, 
they are not credible for use in earth-to-orbit applications. 
Earth-based accelerators, such as cannons and railguns, are also alternative 
sources for small payloads to reach orbital velocities.' The energy, however, is applied a t  
extremely high levels for very short intervals. The method produces severe acceleration 
loads, or g- forces, on the payload. Furthermore, the high initial velocities attained 
cause extreme aerodynamic heating and loads. Additionally, unless the payload has its 
own rocket motor, the variety of attainable orbits with a cannon or railgun is very 
restrictive. The laws of physics dictate that these orbits cannot have a perigee higher 
than the elevation of the launch site. 
Advanced concepts, such as ion, solar, or photon propulsion exhibit the opposite 
problem: extremely high efficiencies, but prohibitively low thrust levels. These 
propulsion sources cannot produce the thrust necessary to lift off, and their physical 
configurations are anything but aerodynamic. There are potential applications for these 
systems in interplanetary flight and beyond, but they are unsuitable for the journey 
from a planetary surface to orbit. I t  is  entirely possible that no scheme will ever 
Environmental Benefits of Chemical Propulsion 
supplant chemical propulsion in boosting a vehicle on its initial escape from the earth's 
surface into space. 
This paper has thus far identified the necessity of chemical propulsion to satellite 
usage and some of the benefits we accrue through our ability to monitor global resources 
and patterns. The remainder identifies, in summary fashion, how the information 
gathered via satellite i s  utilized to affect national and international policies. 
Undeniably, science has already forced extensive political action in response to 
its theories on global climate change. While NASA is not a policy setting agency, we do 
play a major role in the creation of legislation. NASA conducts science missions and 
generates much of the data necessary for inputs to Global Climate Models. I t  is 
understood within the scientific community that these rudimentary GCMs produce 
results which are only as  accurate and complete a s  the information which goes into 
them. 
The data and output from these models are utilized by policy-makers to develop 
and establish environmental laws and regulations. Environmental legislation is 
initiated in the Congress. Through its Ofice of Legislative Affairs, NASA will review 
proposed legislation, when requested, for its technical content and merit.[15,161 Again, 
NASA does not set environmental policy, it does, however, attempt to provide the most 
accurate information available to the appropriate lawmakers. I t  is the responsibility of 
the scientific community to ensure that policy-makers are aware of the fidelity of these 
climate models and the resulting limitations of global climate analysis and prediction. 
Policy-makers, in turn, must make prudent and judicious decisions based upon 
information available today; with the understanding that as the state of the science 
matures, so will our understanding of the earth's environment. 
The scientific community has identified and acknowledged shortfalls in our 
knowledge base and in climatic model inputs. In order to remedy these shortcoming, 
we require large-scale and long-term monitoring of the environment. The information 
required is dependent upon the continued utilization of chemical propulsion to launch 
satellites and experiments to gather relevant data. Since models are the basis for 
setting environmental policies, it is both logical and imperative that we continue to 
support NASA's proposed course of action. 
Chemical propulsion, like all environmentally conscious industries, does 
provide limited, controlled pollutant sources through its manufacture and usage. 
However, chemical propulsion is the sole source which enables mankind to launch 
spacecraft and monitor the Earth. The information provided by remote sensing directly 
affects national and international policies designed to protect the environment and 
Environmental Benefits of Chemical Propulsion 
enhance the overall quality of life on Earth. The resultant of chemical propulsion is the 
capability to reduce overall pollutant emissions to the benefit of mankind. 
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ABSTRACT 
A solid propellant ingredient reclamation pilot plant h a s  been evaluated a t  the Strategic 
Operations ofThiokol Corporation, located in Brigham City, Utah. The plant produces AP wet 
cake (95 percent AP, 5 percent water) for recycling a t  AP vendors. AP has been obtained from 
two standard propellant binder systems (PBAN and HTPB). Analytical work conducted a t  
Thiokol indicates that  the vendor-recrystallized AP meets Space Shuttle propellant 
specification requirements. Thiokol has  processed 1-, ti-, and 600-gallon propellant mixes with 
the  recrystallized AP. Processing, cast, cure, ballistic, mechanical, and safety properties have 
been evaluated. Phillips Laboratory static-test-fired 70-pound and 800-pound BATES motors. 
The da t a  indicate tha t  propellant processed with reclaimed AP has  nominal properties. 
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INTRODUCTION 
In today's environment, recovery and beneficial reuse of hazardous waste materials is 
favored over destruction. Propellant and explosive manufacturers must  t reat  day-to-day waste 
streams, and the  government must treat overage and obsolete rocket motors. Thiokol has  
completed a two-phase cost sharing contract with the Joint  Ordnance Commanders Group to 
reclaim ammonium perchlorate from composite Class 1.3 propellants, reprocess the material 
a t  AP vendors, and verify its reuse in rocket propellant. The first phase of the program, 
which h a s  been reported previously,' involved recrystallizing the material through the 
'Kathryn F. Miks, Thiokol Corporation, "Solid Propellant Ingredient Reclamation and Reuse," 1993 
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Western Electrochemical Company's batch process and manufacturing subscale-size propellant 
mixes and test articles. The second phase of the program, which is reported herein, involved 
r e ~ r ~ s t a l l i z i n - ~  'the material through the Kerr-McGee Chemical Corporation's continuous 
process and manufacturing a production-scale propellant mix and larger test articles. 
OBJECTIVE 
The objective of this program was to compare reclaimed AP with virgin AP in a baseline 
rocket propellant formulation. 
SUMMARY 
One hundred and fifty thousand pounds of AP wet cake were reclaimed from two 
standard propellant binder systems (PBAN and HTPB). The AP was recrystallized a t  the 
Kerr-McGee Chemical Company in order to obtain material of a specific particle size. 
Laboratory acceptance analyses and standard safety tests were performed on the 
recrystallized/reclaimed material. Twenty-one l-gallon, ten 5-gallon, and one 600-gallon Space 
Shuttle propellant (TP-HI1481 mixes were processed with the recrystallized/reclaimed AP. 
Rheological, cure, mechanical, ballistic, and safety properties were evaluated a t  Thiokol. 
Phillips Laboratory static-test-fired three 70-pound BATES motors and one 800-pound BATES 
motor. 
CONCLUSIONS 
Reclaimed AP recrystallized a t  Kerr-McGee has nominal chemical, safety, friability, and 
grinding properties. Propellant processed with recrystallized/reclaimed AP has nominal 
rheological, mechanical, ballistic, and safety propert.ies. 
TECHNICAL DISCUSSION 
DESCRIPTION OF PROCESS 
A schematic of the reclamation process is presented below. A hydraulic macerator 
provides propellant size reduction and countercurren t extraction of the ammonium perchlorate 
a t  160°F. The extract solution from the hydraulic macerator is passed through a liquid 
cyclone and an in-line filter to remove suspended solids before i t  is recirculated through the 
macerator. After the extract reaches a nominal 30 percent concentration, it passes through 
a second in-line filter and is cooled in two-stage batch crystallizers to precipitate the dissolved 
ammonium perchlorate. The recovered ammonium perchlorate crystals and the depleted 
propellant binder residue are dewatered in a basket centrifuge. The cold dilute filtrate from 
the crystallizers passes through a heat exchanger to pre-cool the next crystallizer batch before 
i t  is returned to the macerator for reuse. 
AP Reclamation Process -- 
AP RECOVERY 
One hundred and fifty thousand pounds of AP wet cake were reclaimed over a 6-month 
period under a contract with Hill .4lr Force Base. Space Shuttle propellant (PBAU) comprised 
approximately two-thirds of the propellant feedstock, and Peacekeeper propellant (HTPB) 
comprised approximately one-third. The .4P was integrated into the Kerr-&Gee continuous 
process. Approximately 1-45,.500 pounds o f  .?O percent, reclaimed/50 percent virgin material 
were produced in a 4-day process run in 6 3'4 blend transient (BT) lots. One 21,000-pound 
BT lot, No. 99, was used in the subsequellt evaluations. 
Space Shuttle specification acceptance analyses were performed on the recrystallized 
material and the results are presented in Tnble I. Specification requirements and nominal 
values for virgin Ken-&Gee material are also presented for comparison. Except for particle 
size, ail of the recrystallized/reclaimed material values are within the specification 
requirements. The particle size data indicate that  slightly smaller-than-nominal particles 
were obtained; a slightly lower-than-nominal percent of material is retained on the 70, 100, 
and 140 sieves. However, only the 100 and 140 sieves are below the specification 
requirement. BT Lot 99 was originally selected because analyses performed 3t Kerr-McGee 
showed that  Lot 99 had a nominal particle size. The same analyses showed the remaining 
lots to be slightly large. Apparently, there was a bias between the Thiokol arid Kerr-McGee 
analyses. Had a different lot been selected, it would have likely had a nominal particle size 
per Thiokol test methods. 
In addition to the acceptance analyses, ion chromatogaphy, inductively coupled plasma, 
gas chromatography/mass spectroscopy, nonvolatile organic, and Microtrac particle size 
analyses were performed. For comparison, the same anaiyses were run on virgin Ken-McGee 
material. The results, presented in Table 11, concur with the acceptance analyses that  the 
reclaimed material is comparable chemically to virgin material, but the reclaimed AP has a 
slightly smaller particle size. 
A friability evaluation was performed on two samples of reclaimed AP and on a control 
sample of virgin Kerr-McGee material. The test was pedormed using Rotap particle size 
analyses with '20 8-mm-diameter glass beads placed on each sieve. Particle size was 
determined initially without the glass beads (t = O), and after vibrating with the beads for 15, 
30, and 45 minutes. The data indicate that the rate a t  which particle size is reduced is 
similar for both reclaimed AP and virgin AP. After 45 minutes, the mean particle size of all 
samples was reduced by approximately 10 microns. 
A grinding evaluation was performed with reclaimed AP and with virgin Kerr-McGee AP. 
Three grinds were made for each type of AP a t  the nominal settings determined for virgin AP 
target particle sizes of 5, 20, and 75 microns. Four composite samples from each grind were 
analyzed for particle size using Microtrac. The 75- and 20-micron grinds were completed with 
a 60 air cIassified mill, and the 5-micron grinds were completed with a 12-inch fluid energy 
mill. The data were analyzed using the student-t statistic a t  the 95 percent confidence level 
and indicate that  reclaimed AP is comparable to virgin material and that  acceptable particle 
sizes can be obtained per standard grinding methods. 
Standard Thiokol safety tests were performed on the test material and on virgin Kerr- 
McGee material. Testing included: (1) Thiokol's tests for friction, impact, electrostatic 
sensitivity, and thermal stability; and (2) Allegheny Ballistics Laboratory's safety tests for 
friction and impact. Results are presented below. The values obtained for 
recrystallized/reclaimed AP were comparable to virgin Kerr-McGee material and indicate that  
the reclaimed AP presents no special shipping or handling problems over virgin 200-micron 
AP. 
ONE-GALLON PROPELLANT DEMONSTRATION 
One-gallon Space Shuttle propellant mixes were made with the recrystallized/reclaimed 
AP. Three five-mix standardization matrices of TP-H11.18 propellant were made using the 
same raw materials except for the AP. The five-mix matrix is used in Space Shuttle raw 
material evaluations to determine mechanical and ballistic property responses to HBIECA and 
iron oxide levels, respectively. Five mixes were processed with 100 percent reclaimed AP, five 
mixes were processed with 100 percent virgin AP, and five mixes were processed with virgin 
AP in the unground fraction and reclaimed AP in the ground fraction. 
Rheological, mechanical, and ballistic properties were determined from each mix. 
Standard Thiokol safety tests were performed on samples of uncured and cured propellant, 
and the results are presented below. A11 values were comparable to values for propellant 
processed with virgin AP. The initial 1-gallon data showed that  acceptable rheological, 
mechanical, ballistic, and safety properties could be achieved from propellant made with 
reclaimed AP. 
Six additional 1-gallon propellant mixes were made to evaluate cast and cure properties. 
Two mixes each were made with 100 percent reclaimed AP, 100 percent virgin AP, and virgin 
AP in the unground fraction/ reclaimed AP in the ground fraction. Each mix was processed 
a t  the formulation determined for target mechanical properties, 110 psi maximum stress: 100 
percent reclaimed AP mixes 86.9 percent PBAN polytner in the binder (HB), control AP mixes 
86.9 percent HB, and virgin unground/reclaimed ground mixes 87.0 percent HB. 
CURED TP-HI148 PROPELLANT SAFETY PROPERTIES 
Cast properties were evaluated using a standard 1-gallon castability box. After 4 days' 
cure a t  13S°F, the height of each section was measured. The results indicate that casting 
properties for propellant made with reclaimed AP were comparable to the control and that 
propellant made with reclaimed AP has acceptable cast properties. 
TC indirect impact (in.), 50% 
ABL impact (cm), T.I.L. 
TC strip friction (Ibs), 50% 
ABL sliding friction, T.I.L. 
TC ESD (Joules), 50% 
Simulated bulk auto ignition (onset exotherm) 
Cure properties were evaluated using propellant cast into 1- by 4- by 11-inch cartons. 
The cartons were cured a t  135OF for 96, 120, 144, and 168 hours and postcured for 1 hour 
prior to testing. Mechanical properties were determined from four horizontal JANNAF Class 
C tensile specimens tested at 2 ipm, ambient temperature and pressure. Cure equations for 
maximum stress (a,), initial tangent modulus (E'.", and minimum strain a t  maximum stress 
(ein) were determined from best fit regression analyses and are presented below. 
Nominal 
12 - 14 
11 - 13 
42 - >64 
50 - 240 
>8 
340°F 
100'X, Reclaimed 
(2093116) 
18.5 
33 
62.5 
130 a t  8 ft/sec 
>8 
360°F 
Maximum Stress 
(1) Virgin a, (psi) = -9.92 + 28.68 In (time) R2 = 0.829 
(2) 100% reclaimed AP a, (psi) = -21.58 + 30.51 In (time) R2 = 0.998 
(3) Mixed AP a, (psi) = 4.16 + 24.29 In (time) R2 = 0.982 
Initial Tangent Modulus 
(4) Virgin AP E"' (psi) = -3.63 + 128.03 In (time) R2 = 0.943 
(5) 100% reclaimed AP E2.G = 3.13 + 134.04 In (time) R2 = 0.708 
(6) Mixed AP E ~ . ~  (psi) = 27.02 + 120.69 In (time) R2 = 0.839 
(7) Virgin AP E, ,* .~  (70) = 71.90 - 5.53 In (time) R2 = 0.890 
(8) 100% reclaimed AP E , , ~ . ~  (5)) = 64.01 - 4.22 111 (time) R" 0.239 
(9) Mixed AP E,"~ (%I) = 82.59 - 7.89 In (time) R2 = 0.851 
For the cure equations listed above, the slope controls the rate the propellant reaches its 
ultimate property. Although there are minor differences in cure rate between reclaimed AP 
propellant and the control, these differences are not alarming; similar differences in cure rate 
are observed between nominal Ken-McGee and WECCO AP. Overall, the data indicate that 
acceptable mechanical properties call be obtained from propellant processed with reclaimed 
AP and cured per nominal propellant standards. 
FIVE-GALLON EVALUATION 
Five 5-gallon mixes of TP-HI148 propellant were processed with 100 percent reclaimed 
AP in accordance with the same matrix and raw materials as used in the 1-gallon evaluation. 
For comparison, five additional 5-gallon control mixes were processed at the same 
formulations with the same raw materials except virgin Kerr-McGee AP. The control mixes 
were completed as part of the Space Shuttle raw material standardization program. 
End-of-mix (EOM) properties, which include total solids, percent ammonium perchlorate, 
percent aluminum plus ferric oxide, percent HB polymer, and liquid strand burn rate (LSBR) 
at  1500 psig and 100°F, were determined for each mix and indicate that acceptable propellant 
was processed. The LSBR regression equations are shown below. 
(10) Virgin AP LSBR (in./s) = 0.4776 + 0.2375 (% Fe200) R" 0.990 
(11) 100% reclaimed AP LSER (in./s) = 0.5006 + 0.2100 (7% FqO,) R2 = 0.946 
The reclaimed AP propellant LSBR regression equation was compared to both the control 
and historical Space Shuttle regression equations (RSRM Flights 1 through 44). The 
reclaimed AP slope is comparable to the control a t  the 95 percent confidence level (student-t 
test) and falls well within the historical 3-sigma control limits. However, the intercept is 
statistically different from the control a t  the 95 percent confidence level (reclaimed AP has a 
slightly higher intercept). This may be due to the slightly smaller particle size of the 
unground reclaimed AP. In any case, the predicted LSBR a t  0.3 percent iron.oxide is well 
within the historical 3-sigma control limits and indicates acceptable uncured ballistic 
properties. A plot of the comparisons is presented in Figure 1. 
The end-of-mix (EOM) rheological properties, including EOM viscosity corrected to 145OF, 
Brookfield potlife a t  135OF, and Haake viscosities for six shear rates a t  135OF, were 
determined for each mix. Rheological properties help to characterize propellant flow and 
processability. The EOM viscosity and potlife values obtained for the reclaimed AP propellant 
were compared to both the control and to the historical database (RSRM Flights 1 through 
39). The values are comparable to the control a t  the 95 percent confidence level (student-t 
test) and fall well within the historical 3-sigma control limits. Plots of the comparisons are 
presented in Figures 2 and 3. The data indicate that acceptable rheological properties can be 
achieved from propellant made with reclaimed AP. 
Cured mechanical properties were determined from two half-gallon cartons cast from each 
mix. Cartons were cured for 96 2 4 hours a t  135°F and postcured for between 4 and 7 days 
prior to testing. The mechanical properties were detennined from 12 JANNAF Class C tensile 
specimens tested a t  2 ipm at  ambient temperature and pressure. Regression equations for 
maximum stress (a,,,), initial modulus (EM), and minimunl strain a t  maximum stress (E,;, ) as 
functions of HB polymer level are presented below. 
Maximum Stress 
(12) Virgin AP a, (psi) = 3976.8 - 44.64 (5, HB) R' = 0.999 
(13) 100% reclaimed AP o,, (psi) = 3884.7 - 43.57 (5, HB) R' = 0.998 
Initial Tanuent Modulus 
(14) Virgin AP ETG (psi) = 25,393.7 - 287.14 (9. HB) R2 = 0.998 
(15) 100% reclaimed AP E"' = 23,848.8 - 269.29 ( X  HB) R* = 0.994 
Minimum Strain a t  Maximum Stress 
(16) Virgin AP E;, (7;)) = -273.8 + 3.57 (7;; HB) R" 0.934 
(17) 100% reclaimed AP c,, ( % I )  = -120.5 + 1.79 (5) HB) R' = 0.781 
The reclaimed AP propellant mechanical property regression equations were compared 
to both the control and historical (RSRM Flights 1 through 42) regression equations. The 
slope and intercepts are comparable to the control a t  the 95 percent confidence level (student-t 
test) and fall within the historical 3-sigma control limits. Nominal mechanical properties are 
predicted a t  86.5 percent HB polymer. Plots of the comparisons are presented in Figures 4 
through 6. The data indicate that acceptable mechanical property requirements can be 
achieved from propellant processed with reclaimed AP. 
Cured ballistic properties were determined from three Tu-131 motors (5-inch C.P. motors) 
cast from each mix and cured for 96 t 4 hours a t  135'F. The motors were tested a t  625 psia 
and 60°F. The bum rate vs. iron oxide content regression equations are shown below. 
(18) Virgin AP TU-131 R, = 0.3338 + 0.1030 (9, Fe,O,) R2 = 0.986 
(19) 100% reclaimed AP TU-131 R, = 0.3429 + 0.1043 (55) Fe,O,) R" 0.981 
The reclaimed AP propellant TU-131 regression equations were compared to  both the 
control and historical (RSRM Flights 1 through 44) regression equations. The slope and 
intercept are'comparable to the control a t  the 95 percent confidence level (student-t test) and 
fall within the historical &sigma control limits. Nominal ballistic properties are predicted a t  
0.3 percent iron oxide. A plot of the comparison is presented in Figure 7. The data indicate 
that acceptable ballistic property requirements can be achieved with propellant processed from 
reclaimed AP. 
Five additional 5-gallon mixes were processed with reclaimed AP to standardize the raw 
materials used in the 600-gallon mix. The formulation determined to meet target mechanical 
and ballistic properties (110 psi maximum stress and 0.363 ips TU-131 bum rate at  625 psia, 
respectively) was 86.7 percent HB and 0.236 percent iron oxide. 
FULL-SCALE EVALUATION 
The 600-gallon mix was processed on January 6, 1994. The EOM viscosity was 14.5 kP 
a t  144"F, and the Brookfield potlife to 40 kP a t  135'F was 6.4 hours. Haake viscosities 
between 0.017 and 0.544 sec" shear rates were nominal for Space Shuttle propellant. End-of- 
mix acceptance properties, which include total solids, percent ammonium perchlorate, percent 
aluminum plus femc oxide, and LSBR a t  1500 psig and 100°F, were also determined to be 
nominal. 
Mechanical properties were determined from 62 half-gallon loaf cartons cured at 135OF 
for 96 2 4 hours. Standard quality assurance properties were determined from 12 JANNAF 
Class C tensile specimens tested at 2 ipm, ambient temperature and pressure. The results 
are presented below, along with the nominal values for Space Shuttle production (RSRM 
Flights 1 through 45). The data indicate that nominal TP-HI148 properties were obtained. 
Additional uniaxial characterization tests were performed a t  25, 75, and 12S°F, a t  
ambient and 1000 psi pressure. Crosshead rates of between 0.02 and 20 ipm were used. Five 
JANNAF Class C tensile specimens were tested at each condition, and the results are 
presented in Table 111. Failure envelopes were constructed at ambient and 1000 psi pressure 
and are shown in Figures 8 and 9, respectively. Historical TP-HI148 responses are also 
shown on each plot for comparison. The failure boundaries for propellant processed with 
reclaimed AP-are well within the historical TP-H1148 propellant database and indicate that 
propellant processed with reclaimed AP has nominal failure parameters. 
600-GALLON MIX QUALITY ASSURANCE MECHANICAL PROPERTIES 
Stress relaxation tests were conducted a t  25, 75, and 125OF, at  ambient pressure. Five 
JANNAF Class A tensile specimens were tested at each temperature. The specimens were 
strained 5 percent a t  250 ipm and the relaxation modulus, ER, was determined between 0.1 
and 1000 seconds. The master relaxation curve generated is shown in Figure 10, along with 
Maximum stress, psi 
Minimum strain a t  maximum stress, % 
Initial tangent modulus, psi 
Strain a t  failure, % 
Reclaimed AP Mix 
117 
35 
543 
44 
RSRM Nominal 
(Flights 1-45) 
112 (s = 5.9) 
36.5 (1.7) 
519 (52) 
48.7 (2.9) 
historical TP-HI148 curves. The master curve is well-within the historical TP-HI148 
propellant database and indicates nominal material capabilities. 
The propellant coefficient of linear thermal expansion (CLTE) was determined to be 
6.06 x lo5 in./in. + OF. These results correlate well with the historical value of approximately 
6.1 x 18' in./in. + O F  and indicate nominal CLTE properties. 
The mechanical properties of propellant processed with reclaimed AP correlate very well 
to the historical TP-HI148 database. Quality assurance, variable ratdtemperature uniaxial 
tests, stress relaxation, and CLTE analyses indicate that propellant processed with reclaimed 
AP has nominal material capabilities. 
One 800-pound BATES motor, three 70-pound BATES motors, and twenty-two 5-inch C.P. 
motors (approximately 7 pounds) were fabricated for ballistic property evaluation. The 5-inch 
C.P. motors were tested at the Thiokol test facility between -35 and 135"F, and between 250 
and 1000 psia. A summary of the results is presented in Table IV. The burn rate at  625 psia 
and 60°F is 0.365 in./sec. This is well within the RSRM historical 3-sigma control limits of 
0.352 to 0.371 (RSFUvl Flights 1 through 45). The burn rate pressure relationship (n) was 
determined to be 0.312 from a logarithmic regression of the 16 motors tested at 60°F. This 
is comparable to the nominal TP-H1148 value of 0.311 a t  the 95 percent confidence level 
(student-t test). The pressure-temperature sensitivity (n,) was determined to be 0.113 
percent/"F from multivariant a~~alyses  of Motors 1 through 9. This correlates very well with 
the current TP-HI148 value of 0.11 percentf°F. 
The data indicate that 5-inch C.P. ballistic properties of propellant processed with 
reclaimed AP correlate very well to the historical TP-HI148 database. 
The three 70-pound BATES motors were static-tested at the Phillips Laboratory on Pad 
5B. A summary of the results is presented in Table V. The results for each motor are from 
two independent pressure transducers. The first motor tested (347A-010) had an anomalous 
trace between about 1.25 and 2.25 seconds. An investigation concluded that both pressure 
transducer ports became blocked during testing, resulting in the anomalous trace. The 
remaining motors (347A-011 and 347A-0123 had nominal traces and were used to calculate 
average performance. 
Performance of the reclaimed AP propellant motors is compared to the historical 70-pound 
BATES baseline in Figures 11 through 13. An average burn rate of 0.442 ips a t  958 psia was 
obtained for the reclaimed AP propellant motors, very near the target of 0.423 ips at 1000 
psia. The reported and theoretical specific impulse of 294- and 316-lb~'~secAb are well within 
the 3-sigma historical control limits, as is the resultant efficiency of 93.2 percent. 
The 70-pound BATES data indicate that target properties were obtained and that ballistic 
properties of propellant processed with reclaimed AP correlate very well to the historical 
database. 
The static test firing of the 800-pound BATES motor was also performed at the Phillips 
Laboratory. As with the 70-pound BATES motors, the pressure data were measured with two 
independent pressure transducers. The thrust measurement was obtained from the 
summation of three parallel load cells. The trace of the thrust data indicted an 
uncharacteristic ringing of the test stand at ignition. This ringing is a measurement anomaly 
and is not believed to be related to the propellant performance. However, since the ringing 
was large enough to shift the load cell readings, the thrust data are unreliable. Because 
motor efficiency is calculated from thrust data, efficiency values are also unreliable. This 
anomaly is being investigated so that the thrust data can be adjusted to show the true thrust 
generated by the motor. The remaining data obtained from the motor tiring were nominal. 
All results are presented in Table VI. 
The values obtained from the 800-pound BATES firing compare very well to the 70-pound 
BATES data. The chamber pressure and burn rate for the motors are nearly identical. The 
measurements from the 800-pound motor firing indicate that the propellant processed from 
reclaimed AP has nominal propellant properties. 
TABLE I1 
KERR-MCGEE RECRYSTALLIZEDlRECLAIMED AP 
CHARACTERIZATION 
Stock-Lot 
I 
Anions: Chloride (ppm) 
Sulfate (ppm) 
Nitrate (ppm) 
Metals (ppm): A1 
Sb 
Ar 
B a 
Be 
Cd 
Ca 
C r 
C o 
Cu 
F e 
Pb 
Mg 
Mn 
Hg 
Mo 
Ni 
K 
Se 
Si 
Ag 
Na 
P 
TI 
Sn 
V 
Zn 
Volatile organics (ppm) 
Nonvolatile organics (ppm) 
Particle size log, 
(p): 50% 
90%) 
MDL = Method Detection Limit 
ND = Not Detected 
NA = Not Tested 
MDL 
25 
30 
3 0 
2.50 
5.00 
5.00 
0.10 
0.10 
0.30 
1.00 
0.50 
0.30 
0.20 
0.50 
2.50 
0.10 
0.10 
NA 
1.00 
40.00 
5.00 
0.30 
1.0 
5.00 
2.00 
0.20 
0.40 
1 
40 
ANALYSES 
Reclaimed 
60000993-1 
ND 
41.6 
107 
ND 
ND 
ND 
ND 
ND 
ND 
683 
ND 
ND 
ND 
ND 
ND 
5.22 
0.22 
NA 
0.279 
ND 
94.0 
ND 
0.418 
ND 
3 1.2 
ND 
ND 
ND 
ND 
ND 
ND 
179 
118 
197 
32 1 
Virgin 
7229-0139 
ND 
64.6 
117 
ND 
ND 
ND 
ND 
ND 
ND 
786 
ND 
ND 
ND 
1.64 
ND 
9.07 
0.22 
NA 
0.279 
80.0 
ND 
0.418 
ND 
45.1 
ND 
ND 
ND 
ND 
0.86 
ND 
200 
13 1 
211 
33 7 
TABLE I11 
KERR-MCGEE RECLAIMED/RECRYSTALLIZED AP TP-HI148 PROPELLANT 
UNIAXIAL TENSILE PROPERTIES 
em: ('%I 
34.0 
36.8 
32.2 
28.3 
----~ 
40.1 
Temperature 
(OF) 
1 
25 
25 
Rate 
(ipm) 
0.02 
0.2 
2 
20 
0.02 
Pressure 
(psi) 
Ambient 
1000 
75 
125 
125 
~ f '  (%I 
42.2 
46.0 
46.1 
47.2 
42.4 
E2G 
(psi) 
815 
1067 
1640 
2900 
1090 
1000 
--- 
Ambient 
1000 
6, 
(psi) 
131 
165 
227 
331 
329 
Values determined from five JANNAF Class C tensile specimens 
0.02 
0.2 
2 
20 
0.02 
0.2 
2 
20 
0.02 
0.2 
2 
20 
- 
omLE 
(psi) 
178 
231 
316 
451 
461 
E '= 
(%I 
1 
40.4 
41.3 
41.0 
39.0 
41.2 
690 
624 
930 
1090 
438 
447 
572 
661 
488 
610 
742 
830 
34.2 
36.6 
38.3 
45.4 
21.4 
25.3 
28.8 
33.8 
29.1 
32.1 
34.9 
40.2 
35.6 
41.0 
46.5 
63.3 
23.7 
29.6 
36.2 
45.6 
29.7 
33.7 
39.3 
56.2 
181 
211 
254 
338 
65.5 
74.7 
87.9 
111 
118 
145 
179 
232 
243 
288 
356 
501 
79.5 
94.3 
115 
153 
152 
191 
243 
331 
34.9 
37.5 
42.2 
53.8 
21.7 
27.4 
33.3 
41.5 
29.2 
32.0 
36.5 
45.4 
TABLE IV 
KERR-MCGEE RECLAIMED/RECRYSTALLIZED AP TP-HI148 PROPELLANT 
5-INCH C.P. MOTOR DATA SUMMARY 
Motor No. 
L 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
" 
Bum Rate 
(ips) 
I 
0.366 
0.3 75 
0.367 
0.34 1 
0.333 
0.335 
0.403 
0.400 
0.402 
0.267 
0.272 
0.271 
Temperature 
(OF) 
60 
60 
60 
-35 
-35 
-35 
135 
135 
135 
60 
60 
60 
0.338 
0.340 
0.343 
0.393 
0.387 
0.389 
0.428 
0.429 
0.425 
0.371 
Pressure 
(psia) 
648 
654 
650 
59 1 
583 
584 
711 
707 
711 
24 0 
242 
239 
502 
502 
508 
782 
764 
765 
1058 
1056 
1046 
650 
13 
14 
15 
16 
17 
18 
19 
20 
2 1 
22 
60 
60 
60 
60 
60 
60 
60 
60 
60 
60 
TABLE VI 
RECLAIMED AP 800-LB BATES 
PRELIMINARY BALLISTIC SUMMARY 
Firine No.: 1 347L-001 1 347L-001 
5-GALLON TP-HI 148 UNCURED PROPELLANT PROPERTIES 
HISTORICAL DATA VIRGIN AP 10096 RECLAIMED AP 
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Figure 8. 
Uniaxial Tensile Failure Envelope 
TP-HI 148, Ambient Pressure 
0 
Measured Strain at Max. Stress (%) 
Figure 9. 
Uniaxial Tensile Smith Failure Envelope 
TP-HI 148,1000 psi 
EGL Strain at Max. Stress (%) 

70-POUND BATES BALLISTIC PROPERTIES 
TP-HI 148 PROPELLANT 
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ABSTRACT 
Large amounts of energetic materials which have been accumulated over the %ears in various 
manufacturing and military installations must be disposed of in an environmentally sound 
manner. Historically, the method of choice for destruction of obsolete or aging energetic 
materials has been open burning or open detonation (OBIOD). This destruction approach has 
become undesirable due to air pollution problems. Therefore, there is a need for new 
technologies which will effectively and economically deal with the disposal of energetic 
materials. Along those lines, we have investigated a chemicaVbiological process for the safe 
destruction and disposal of a double base solid rocket propellant (AHH), which was used in 
several 8 inch projectile systems. The s~l id  propellant is made of nitrocellulose and 
nitroglycerin as energetic components, two lead salts which act as ballistic modifiers, triacetin 
as a plasticizer and ZNitrodiphenylamine (2-NDPA) as a stabilizer. A process train is being 
developed to convert the organic components of the propellant to biodegradable products and 
remove the lead from the process stream. The solid propellant is first hydrolyzed through an 
enhanced alkaline hydrolysis process step. ' Following lead removal and neutralization, the 
digested liquor rich in nitrates and nitrites is found to be easily biodegradable. The digestion 
rate of the intact ground propellant as well as the release of nitrite and nitrate groups were 
substantially increased when ultrasound were supplied to the alkaline reaction medium 
compared to the conventional alkaline hydrolysis. The effects of reaction time, temperature, 
sodium hydroxide concentration and other relevant parameters on the digestion efficiency and 
biodegradability have been studied. The present work indicates that the AHH propellant can be 
disposed of safely with a combination of physicochemical and biological processes. 
c-a 
INTRODUCTION 
Significant quantities of energetic materials (rocket motor propellants, propellant charges, 
etc.) have been generated as part of the US. Army demilitarization program. Energetic materials 
are classified as reactive (40 CFR 8261.21) and are listed under the Resource Conservation & 
Recovery Act (RCRA). This RCRA classification designates energetic materials as a hazardous 
waste. Historically, the method of choice for destruction of obsolete or aging energetic materials 
has been open burning or open detonation (OB/OD). This treatment approach has become 
restrictive over the past several years due to the promulgation of legislation to manage the 
handling and treatment of hazardous materials. 
The goal of the present study is to develop a treatment process and ultimately a pilot 
scale demonstration facility for AHH. The AHH formulation is used in several 8 inch projectile 
systems. The Army currently plans to eliminate the 8 inch weapon systems by the FY98. 
Ultimately, the processes developed as a result of this study could be applied to a significant 
quantity of AHH propellant from the demilitarization of 8 inch projectiles. Moreover, it is 
anticipated that a considerable amount of information obtained from the AHH studies will 
establish the basis for broader application of the technology. Optimization of these 
chernicaVbiological treatment systems could provide a viable means of safe and cost effective 
disposal for a broad array of energetic materials. The compelling benefits from the 
development of an innovative bioremediation technology are numerous. This technology would 
significantly reduce disposal and remediation costs of toxic and hazardous components facing 
both defense and manufacturing communities. In addition this technology could be utilized for 
a variety of applications, including, but not limited to the destruction of hazardous 
manufacturing wastes, excess military munitions, and treatment of contaminated soils and 
waters. 
APPROACH 
The composition of AHH, a double-base propellant is given in Table 1. Nitrog1ycerin and 
nitrocellulose are the energetic components. Triacetin is a plasticizer used to convert 
nitrocellulose from its natural fibrous state into a gel state required during the mixing and casting 
fabrication process of the propellant. Triacetin also acts as a desensitizer and prevents the 
formation of neat nitroglycerin. 2-NDPA is added as a stabilizer to prevent the auto catalytic 
decomposition of the propellant with decomposition products. F d y  the lead salts act as 
ballistic modifiers for the propellant. 
TABLE 1: AHH Propellant Composition. 
Component 
Nitrocellulose 
Nitroglycerin 
Wt % Composition 
53.9 min. 
3 1.6 nom. 
Triacetin 
2-Nitrodiphenylamine (2-NDPA) 
Lead Salicylate 
Lead 2-Ethyl Hexoate 
8.8 nom. 
0.9 rnin. 
1.2 nom. 
2.0 nom. 
Bioremediation has been proven effective in the transformation and complete 
mineralization of some energetic compounds. Simply stated, bioconversions are chemical 
transformations (reactions) of organic compounds catalyzed by specific enzymes synthesized by 
microorganisms. It is generally assumed that access to the active site of an enzyme is available 
only to compounds dissolved or dispersed in the reaction medium. The propellant itself is high1 1 insoluble in water and it must be pre-treated with solvent(s) in order to increase its solubilityl, . 
However the use of solvents introduce an additional component in the system that has to be 
removed or treated later in the process. Most solvents are toxic to microorganisms when there 
are present at concentrations that exceed a specific threshold limit. Therefore, this approach 
limits the amount of solvent that can be used and the incoming stream must be diluted, to 
minimize adverse effects on the biomass, which will increase the overall volume of the waste 
stream. Another technique which can be used when the substrate does not suit the desired 
bioconversion is to carry out frrst a chemical modification of the substrate. For example, the 
alkaline hydrolysis of nitrocellulose has been shown to provide a useM mean to degrade 
chemically the water insoluble nihocell~lose3~~. This alkaline hydrolysis process results in 
complete digestion of nitrocellulose. Kenyon and Gray4 documented the presence of a wide 
variety of organic and inorganic products resulting from the alkaline digestion of nitrocellulose 
such as nitrates, nitrites, ammonia, cyanide, malic, oxalic, glycolic, trioxyglutaric, dioxybutyric, 
rnalonic, tartonic and other unidentified complex acids, sugars, modified celluloses and their 
nitrates, and partially denimted cellulose nitrate. Wendt and ~ a ~ l a n 3 ,  reported that after 
neutralization, dilution to control nitrate Ievels and addition of a suitable carbon source (glucose) 
the digested nitrocellulose liquor is biodegradable. Alkaline decomposition of nitroglycerin 
produces ammonia, carbon dioxide, formic acid, acetic acid, alkali nitrates, alkali nitrites and 
intermediate peroxides according to Kenyon and Grafl. In the present work, the effect of 
ultrasound on the alkaline digestion of the AHH propellant has been explored. 
The treatment process train tested for the destruction of AHH is illustrated in Figure 1. 
The propellant is ground and digested in sodium hydroxide solutions, the lead is removed by 
chemical precipitation and finally the resultant solution, which is rich in organic carbon and 
nitrogen, is treated biologically to remove carbonaceous and nitrogenous BOD. The final 
selection of the most suitable option will depend on the kinetics and stoichiometry of the 
denitrification of the digested propellant and the biological capabilities of nearby wastewater 
sewage treatment plant. In addition to the alkaline hydrolysis of the propellant mixture, the 
hydrolysis of pure nitrocellulose was investigated in order to compare the nitrogen releases in the 
two systems. 
AHH propellant grains 
7 Discharge to local 
wastewater 
treatment plant 
wastewater 
treatment plant 
G Grinder DU 
- 
HU Hydrolysis Unit i J 
LU Lead removal Unit 
NU Neutralization Unit 
DU Denitrification Unit 
A/AU Aerobic/Anoxlc Unit 1 q A , w  Treated Waste 
FIGURE 1: Synoptic Diagram for the AHH Propellant Treatment Process 
EQUIPMENT AND METHODS 
Pure nitrocellulose containing approximately 12.2% nitrogen was obtained from Aqualon, 
a division of Hercules Incorporated. AHH propellant samples were supplied by Picatimy Arsenal 
personnel. A sample was prepared from a war reserve M753 rocket motor downloaded at 
Picatinny Arsenal in 1992. The motor was disassembled per FSAC standard operation 
procedures. The irregular shaped grain segment was inserted horizontally in the bed of a lathe 
chuck. Without cutting fluid, a one inch hole was bored in the base of the grain segment. The 
resulting shavings were collected and stored under environmentally controlled conditions. Next, 
a grinder (Thomas Wiley Intermediate Mill) was used to process the shavings into 20 Mesh size 
granules. No fluids were introduced during this operation. 
The digestion of the solid propellant and nitroceUulose was carried out in Erlenmeyer 
flasks. Approximately 0.5 grams of solids were added to fifty milliliters (50 mL) of aqueous 
sodium hydroxide solution in a 100 mL flasks. This resulted in 1% by weight solids mixture. 
The flasks were immersed in a sonicator equipped with a water bath capable of maintaining a 
maximum temperature of 95OC. . The sonicator (Fisher Scientific, Model FS 14) had a constant 
power output of 270 watts and 4 3 M  frequency. In a typical experiment at a given temperature 
and sodium hydroxide concentration, the alkaline hydrolysis was carried out for 30 to 60 minutes. 
After digestion the solution was cooled to mom temperature and prepared for precipitation of 
lead by pH adjustments, and sodium sufide addition. The pH of the decomposition mixture was 
adjusted with sulfuric acid. Upon removal of lead, the BOD and COD of the mixture were 
determined. The lead free supernatant solution, rich in carbon and nitrogen, was neutralized and 
passed through an acclimated denitrification reactor. 
The nitrite and nitrate concentrations were determined by direct injection of collected 
aliquots using High Pressure Liquid Chromatography (HPLC) on a Varian LC Workstation 
equipped with a diode may detector, and a Universal Anion 4.6~150 mm, 5pm (Alltech 
Associates Inc., Deerfield, L) chromatographic column. Total Kjeldahl Nitrogen (TKN), a 
measure of nitrogen in the trinegative state, was determined according to Standard ~ e t h o d s ~ .  
Ammonia was measured by an ammonia selective electrode5. Measurements of BOD and COD 
were also performed following Standard ~ethods5 procedures. The concentration of lead in the 
digestion liquor was determined by Atomic Absorption using a Varian Zeeman 400 Graphite 
Furnace equipped with an autosarnpler. 
RESULTS AND DISCUSSION 
Alkaline Hydrolysis 
The effects of reaction time, temperature, and sodium hydroxide concentration on the 
digestion efficiency were examined. Digestion experiments were carried out at 35, 45, 55, 65, 
75-85 and 95°C in different sodium hydroxide solutions ranging from 2 to 15 96 by weight. The 
sonication power was kept constant and no mechanical mixing was provided. Results for three 
sodium hydroxide concentrations are presented in Figure 2. The percent digestion is defined as 
[(mi-mf)/mi]-lOO where mi and my are the initial and final mass of solid propellant respectively. 
Figure 2 shows that the digestion efficiency increases with temperature and sodium hydroxide 
concentration. 
Temperature, C 
FIGURE 2: Digestion of AHH at Various NaOH Concentrations and Reaction Temperatures. 
Experiments were also performed with mechanical agitation of the reaction medium and a 
cornbination of sonication and mechanical mixing. Mechanical agitation resulted in significant 
in-s of the digestion rates, at all temperatures, over the rates obtained by sonication alone. 
However, combination of sonication and mechanical agitation produced higher digestion rates 
than sonication or rrrixing alone. For instance, in an experiment conducted at W°C with 0.25g 
AHH in 50 m12 wt% NaOH under well mixed conditions for 1 hour the observed digestion was 
78.82%. When the experiment was repeated with the sonicator turned on, 84.80% of the 
propellant was hydrolyzed. Data presented in ~able2correspond to another typical experiment 
conducted with 0.5 g AHH in 50 m12 wt% NaOH solution.. Although the results indicate that a 
significant increase in digestion rate and total nitrogen release, this may not be mff5cient.y high to 
justify the costs associated with the installation of large sonicators in a full-scale system 
Therefore, the economic advantages of sonication must be cmfiilly examine& It should be 
noted that sonication power tequirements can be significantly reduced by intermittent application 
of ultrasound6. 
TABLE 2: Effect of reaction type on alkaline digestion of AHH propellant 
The nitrogen released from the decomposition of AHH- was compared to nitrogen 
released by alkaline hydrolysis of NC under identical experimental conditions. The results 
obtained from the alkaline hydrolysis of AHH and pure NC are presented below. 
Experiments at 90°C with varying alkali to propellant ratio and sonication were carried out using 
50 mL NaOH solutions and 0.5 grams of ground propellant with sonication only. The nitrate and 
nitrite production was rnunitored during the course of the reaction and is presented in Figure 3 
for different NaOH concentrations. The total nitrogen produced in the forms of nitrate and 
nitrite is proportional to the amount of propellant digested and appears to be independent of 
NaOH concentration. The ratio of nitrite to nitrate is approximately 2 to 1 regardless of the 
degree of digestion. The theoretical amount of nitrogen in solution containing 1% solids, based 
on the nominal propellant composition and assuming 13.5% nitration of cellulose, is about 1312 
rngIL. In a typical experiment at 97.50 % digestion of the propellant 768.33 m g h  of nitrite-N, 
and 385.23 mg/L of nitrate-N, were released. Approximately 60 % of the original nitrate groups 
were reduced to nitrite. The total nitrogen produced as nitrate and nitrite accounts for 90.12 % 
of the nitrogen originally present in the propellant. 
The nitrite and nitrate measurements indicated that about 10% of the original nitrogen 
was unaccounted and apparently bound to post-degradation organic carbon residuals. In an 
attempt to close the nitrogen mass balance we performed TKN measurements of the digested 
liquor. The TKN was found to be about 23 mg/L or 1.8 % of the ori@ nitrogen. Ammonia 
was also a product of decomposition and was detected in solution at a concentration of 0.5 mgtL 
as NH3-N. However, most of the ammonia formed was probably stripped-off due to the strong 
basic environment which shifts the acid-base equilibrium reaction in favor of ammonia formation. 
Cyanide, another degradation product, could combine with hydronium ions to form the volatile 
hyctrocyanic acid. Ammonia and small amounts of cyanide may account for the missing 109b of 
wiginal nitrogen. Considering that nominal compositions of nitrocellulose and nitroglycerin were 
used to compute the total expected nitrogen in the propellant, and the heterogeneity of the 
samples used during digestion, the nitrogen mass balance is quite satisfactory. 
NC decomposition was studied at 90°C with varying alkali to nitrocellulose ratio and 
sonication by preparing 1% solids solutions and various NaOH strengths. The degree of 
digestion and the concentrations of nitrite and nitrate were monitored for one hour reaction time. 
Typical results of NC hydrolysis are illustrated in Figure 4. Pure NC appears to degrade faster 
than the AHH formulation and 100% digestion is achieved within one hour at 2% NaOH dosage. 
The ratio of nitrite-N to nitrate-N is approximately 2.8 regardless of the degree of digestion. 
This finding is in good agreement with the results obtained by Kenyon and ~ r a f l  who found 
0.075 mole of nitrite and 0.025 mole of nitrate per liter of alkaline decomposition mixture. 
Moreover, the independence of this ratio from the degree of digestion suggests that the 
hydrolysis of nitrocellulose and nitroglycerin is a single step process where nitrates and nitrites 
are formed directly from the cleavage of the parent molecules. Wendt and ~ a ~ l a n 3  also 
demonstrated that the decomposition of NC in alkaline environments proceeds in a single step, by 
determination of the nitrogen, carbon and oxygen contained in the residual (undigested) NC 
during the course of the reaction. 
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FIGURE 3: Nitrate and Nitrite Release During AHH Decomposition 
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FIGURE 4: Nitrate and Nitrite Release During NC Decomposition 
The theoretical amount of nitrogen in a 1% NC solids (12.2% nitration) mixture is 1220 
m a .  The conversion of the crriginal nitrate-N to nitrite-N is about 80%. The TKN of the 
decomposition mixture was found to be 116 mg/L or 9.5% of the original nitrogen. The total 
amount of nitrogen accounted for in the forms of nitrate, nitrite and TKN is 89.5 %. Loses of 
ammonia and HCN, which are known decomposition products, from the system may account for 
portion of the remaining 10.5% of nitrogen. However, no attempt was made to quantify other 
nitrogencontaining degradation products. 
Lead Removal 
The propellant contains a substantial amount of lead, approximately 1.6% wt, which must 
be removed prior to biological treatment of the digestion liquor. The initial total Pb 
concentration in the digestion liquor ranges from 65 pprn to 70 ppm and at these concentrations 
it will be highly toxic and inhibitory to microbial growth. Since PbS is highly insoluble in water, 
it was decided to dose the solution with Na2S and precipitate lead as PbS. To facilitate 
precipitation, the pH of the solution was adjusted to the minimum PbS solubility. According to 
- 
the theoretical solubility diagram, PbS exhibits m b h d  solubility at pH of around 8. After pH 
- 
- 
adjustments, various amounts of Na2S are added in order to determine an optimal dosage. The 
results of a typical experiment are shown in Figure 5. For this particular experiment the initial Pb 
concentration was 55 pprn. The highest percent removal (99.36) was observed at a sodium 
sulfite dosage of 1.0 mM. Lead removal may also be facilitated by the formation and co- 
pmipitation of lead sulfate, lead hydroxide and lead carbonate due to the presence of the 
-- 
corresponding anions and pH adjustments. 
Sodium Sulfide Dosage, mM 
FIGURE 5: Lead Removal at Various Sodium Sulfide Concentrations 
The solubility of lead sulfide in the presence of the post-degradation organic compounds 
was investigated in 0.5 mM sodium sulfide solutions and various pH environments. The results 
are presented in Table 3. Maximum lead removal was observed at pH around 9. Although 
sodium sulfide is added in excess of stoichiometric requirements for total lead precipitation, it 
appears that the precipitation process is greatly affected by the formation of lead complexes. A 
solubility diagram was constructed for this system and compared with the theoretical PC-pH 
diagram for PbS. This comparison showed that the solubility of Pb was much higher than that 
predicted by theoretical considerations and suggests the formation of organo-lead complexes 
which substantially increase the solubility of lead. 
TABLE 3: pH Effects on Lead Removal by Sodium Sulfide Precipitation at 0.5 rnM. 
Five days biological oxygen demand tests were carried out directly with the neutralized 
digested propellant. The average BOD and COD of three samples before lead removal were 
1480 m a  and 2960 mg/L respectively. After lead removal the BOD and COD were found to be 
435 m a  and 2295 m a  respectively. 
The BOD and COD results reported above, indicate that the neutralized digested 
propellant is biodegradable. Since the digested liquor is very rich in nitrates and nitrites, anoxic 
denitrification experiments were conducted with lead-free digested liquid, to convert them to 
nitrogen gas. Results showed compIete conversion of nitrate and nitrite to nitrogen gas in an 
acclimated reactor without addition of external carbon source within 30 hours with mixed 
cultures that have been acclimated for two months. This acclimation period was necessary 
because it was observed that high initial shock loads of nitrite were inhibitory. In a typical 
experiment, initial nitrite and nitrate concentrations of 123.3 mgR, and 90.5 mg/L respectively 
were reduced completely to nitrogen gas within 30 hours.. The initial COD in the reactor was 
1274 mg/L and after total nitrite and nitrate conversion, 1168 mg,' of COD were remaining in 
the system. The COD consumed per unit mass of nitrogen (2 mg COWmg nitrogen) is close to 
the values reported in the literature7. The complete conversion of nitrite and nitrate and a 
residual BOD of 94 mg/L in the system prove conclusively that external carbon sources are not 
necessary for denitrification of the digested propellant. Since BOD is present in excess of the 
amount required for nitrite and nitrate conversion an additional step is required for complete 
mineralization of the hydrolysis products. In another set of experiments, fresh activated sludge 
obtained from a nearby sewage treatment plant was added to the reactor by replacing 1 liter of 
the prevailing acclimated mixed culture. Following a short acclimation period of 4 days, 135 d 
of lead free digested propellant was added to the 2 L reaction volume. The pH was maintained 
slightly above 7, the agitation speed was 250 rpm and the temperature of the reaction &urn 
was maintained at 30 OC. Results of the time course of the reaction are shown in Figtm 6. The 
results indicate that nitrite is reduced more rapidly than the nitrate. COD measmmentgindicate 
that in this case 2.63 mg COD were consumed per mg of nitrogen. The TSS was 1180 mg/L. 
The difference with the COD/N ratio of 2 reported above might be attributed to cell synthesis 
since one liter of acclimated mixture culture (acclimated for two months) was =placed by fresh 
activated mixed culture. 
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FIGURE 6: Time History of Nitrogzn Reduction Under Anoxic Environment 
CONCLUSIONS 
Simultaneous mixing and sonication appear to sigmficantly enhance the rates of 
decomposition of AHH in sodium hydroxide solutions. Alkaline hydrolysis decomposes AHH 
into biodegradable products that can be treated by conventional biological treatment 
technologies. Approximately 60% of the original nitrate groups of nitrocellulose and 
nitroglycerin are reduced to nitrite. The amount of nitrogen released in the form of nitrites and 
nitrates accounts for 90% of the original nitrogen. The remaining 10 % appears to be bound on 
post-degradation organic carbon or converted to ammonia and other nitrogen compounds. 
Digestion of nitrocellulose releases 80 % of the original nitrogen as nitrite-N and nitrate-N, and 
9.5% as TKN. The lead present in the digestion liquor of the decomposed AHH mixture is . 
effectively removed by precipitation with sodium sulfide. Complexation of lead with organic and 
inorganic digestion products appears to be responsible for the observed increase in lead solubility. 
Complete denitrification of the of nitrite and nitrate present in the decomposition mixture is 
achieved without addition of external carbon sources. 
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Abstract 
Hercules' clean propellant development research is exploring three major types of clean 
propellant: (1) chloride-free formulations (no chlorine containing ingredients), being developed on the 
Clean Propellant Development and Demonstration (CPDD) contract sponsored by Phillips Laboratory, 
Edwards Air Force Base, CA; (2) low HCl scavenged formulations (HC1-scavenger added to propellant 
oxidized with ammonium perchlorate [AP]); and (3) low HCl formulations oxidized with a combination 
of AN and AP (with or without an HCl scavenger) to provide a significant reduction (relative to current 
solid rocket boosters) in exhaust HCl. These propellants provide performance approaching that of 
current systems, with less than 2% HCI in the exhaust, a significant reduction (270%) in exhaust HCl 
levels. Excellent processing, safety, and mechanical properties were achieved using only readily 
available, low cost ingredients. 
Two formulations, a sodium nitrate (NaN03) scavenged HTPB and a chloride-free hydroxy 
terminated polyether (HTPE) propellant, were characterized for ballistic, mechanical, and rheological 
properties. In addition, the hazards properties were demonstrated to provide two families of class 1.3, 
"zero-card" propellants. Further characterization is planned which includes demonstration of ballistic 
tailorability in subscale (one to 70 pound) motors over the range of burn rates required for retrofit into 
current Hercules space booster designs (Titan IV SRMU and Delta I1 GEM). 
Introduction 
The national initiatives to reduce the amount of hazardous substances released into the 
environment have expanded to include solid rocket propellants. The environmentally more compatible 
propellants are known in the industry as "clean propellantsw and feature HCl levels at least an order of 
magnitude lower than conventional propellants. These propellants are typically formulated with either 
chlorine scavengers such as sodium nitrate or chlorine-free oxidizers such as ammonium 
Hercules initiated development on chloride-free propellants formulated with ammonium nitrate 
as early as 1986. Shortly thereafter, work was also initiated to develop low-HC1 using a combination 
of oxidizers such as ammonium nitrate, ammonium perchlorate and sodium nitrate (an HCl scavenger). 
The Air Force/Phillips Laboratory Clean Propellant Development and Demonstration was 
awarded in 1989 to provide a chloride-free propellant for the Advanced Launch System. Promising 
candidate formulations were identified and a baseline propellant was selected. Funding for further 
propellant development, scaleup, and characterization work was discontinued in 1991 and then partially 
restored in the fourth quarter of 1993. Plans for scaleup and demonstration of an improved version of 
the baseline propellant are on hold pending additional funding. 
Discussion 
Formulation 
Hercules' chloride-free propellants are formulated with low energy HTPE (hydroxy terminated 
p l y  ether) binders, ammonium nitrate oxidizer, and magnesium-aluminum metal alloy fuels. Low 
energy binders utilize an energetic plasticizer such as BuNENA (n-butyl Znitratoethyl nitramine) or 
TEGDN (triethylene glycol dinitrate) in order to increase burning rates, improve combustion efficiency, 
and increase performance. These improvements are needed to compensate for the use of ammonium 
nitrate as the primary solid oxidizer. The amount of energetic plasticizer is limited, however, to 
maintain a hazard classification of 1.3 and a critical diameter of greater than six inches. Magnesium- 
aluminum metal alloy fuels are utilized for the same reasons that low energy biders are used. It is 
necessary to use an alloy rather pure magnesium in order to avoid compatibility problems. Ammonium 
nitrate was selected for use, even though it adversely affects ballistics, because of its availability, low cost, 
and lack of chlorine. 
Hercules has done work to develop two types of low HCl propellants. The first type is an 
HTPB/AP/NaN03/AI-based propellant specifically formulated for retrofit of the Titan N SRMU 
booster. The second type of low HCl propellant being developed is similar to the chloride-free 
propellant already described except it utilizes a low level of ammonium perchlorate in combination with 
aluminum powder as the primary metal fuel. Up to 20% ammonium perchlorate can be utilized, . 
without an HCl scavenger, before exceeding an HCI level of -6% in the exhaust. 
Pro~ellant Trade Studies 
Trades studies comparing the performance, HCl levels, ballistics, and ingredient costs of these 
clean propelIants, along with selected alternative clean propellants, are summarized in Tables I through 
111. Titan SRMU and Delta GEM booster propellants (QDT and QDL respectively) are included as 
references. Performance trade-off analyses were conducted using payload partials derived for Hercules 
expendable launch vehicles. 
Only two propellants currently offer the potential of a completely chloride-free exhaust. These 
propellants include our (Hercules) HTPE chloride-free propellant and the HAN/AN/AI emulsion 
propellant currently being developed by Aerojet. Aerojet's propellant is formulated with an eutectic of 
hydroxy ammonium nitrate (HAN) and ammonium nitrate. Both chloride-free propellants offer roughly 
the same theoretical payload capabilities in the Titan IV SRMU and Delta I1 GEM boosters (i-e., 86- 
93% and 93-97% respectively). However, both propellants currently only deliver Isp efficiencies of about 
90%. 
The burning rate of the emulsion propellants can be tailored over a fairly broad range; however, 
these propellants reportedly also have a very high pressure exponent (-0.82)(~). Pressure exponents of 
less 0.50 are needed for any type of space booster retrofit application. The emulsion propellants 
reportedly have a shock sensitivity of greater than zero cards and, therefore, a critical diameter of less 
than three inches(3). A demonstrated critical diameter of greater than six inches is required to verify 
that the clean propellants hazards characteristics are similar to those of current large space booster 
propellants. In addition, the HAN/AN/AI emulsion propellants soften over time, presumably due use 
of highly hygroscopic oxidizers(3). 
Hercules' HTPE chloride-free propellant currently can only be tailored over a fairly limited 
burn rate range (0.20 to 0.30 in/sec); however, the pressure exponent for these propellants has been 
measured to be less than 0.50. In addition, HTPE chloride-free propelants have been shown ro have 
a card gap sensitivity of 0 cards and are estimated to have critical diameter of greater than six inches. 
Based on this assessment, the Air-Force's Phillips Laboratory has designated Hercules' HTPE 
propellant as a near term development chloride-free propellant. A summary of the properties measured 
for the Hercules HTPE chloride-free propellant, WFS, are shown in Table IV. 
Assuming a limited amount of HCl will be acceptable in the exhaust from future space boosters, 
a number of propellant options exist. Of these options, the scavenged (HTPBjNaNOJAPjAl) 
propellants appear to offer the best overall trade-offs. HCI levels as low as 2% can be achieved while 
still providing 91% to 96% of the current payload capability of Titan IV SRMU and Delta I1 GEM 
boosters. These propellants also offer a broad range of ballistic tailorability and ingredient costs which 
are comparable to those of existing low cost space booster propellants. Hercules's 
HTPB/NaNO3/AP/A1 scavenged clean propellant, QEH-1, has also been shown to have mechanical 
and rheological properties which would allow it to be retrofit into Titan SRMU boosters (Table IV). 
Summary and  conclusion^ 
Hercules' HTPB/NaNO3/AP/AI scavenged clean propellant is currently available for a retrofit 
of the Titan IV SRMU and Delta I1 GEM boosters. This propellant is readily tailorability to provide 
the optimum burn rate for both motors, and is only a minor refinement of the current formulations. 
The scavenged propellant reduces the exhaust HCl 'level from -21% to -2%. 
Hercules' HTPE propellants offer the potential for completely chloride-free exhaust without 
drastically reducing payload capabilities. They are also estimated to have critical diameters of greater 
than 6 inches and rheological/mechanical properties which would allow for the retrofit of existing space 
boosters. Additional development is still needed to resolve the following key issues: (1) Isp efficiency 
needs to be improved by reducing two-phase flow losses and increasing the flame temperature, and (2) 
burn rate tailorability is limited and higher rates are necessary for a Titan retrofit. 
Future Work 
During the remainder of the 1994 calendar year, we will select, scale up and demonstrate in 
subscale (- 15 Ib.) motors an improved HTPE chloride-free propellant. This formulation will be tailored 
to provide a burn rate approaching that required for a Titan IV SRMU retrofit. Next year, if funding 
is available, we will scale up this or a similar formulation for characterization and demonstration in an 
800-lb. or larger scale motor. At the completion of these projects, we anticipate that a viable chloride- 
free propellant will be ready for additional characterization and demonstration in larger scale (1,700 to 
33,000-Ib.) demonstration motors. Parameters of potential demonstration motors are given in Table V. 
TABLE I
Preliminary Performance/HCi level Trade-Off Used to Select
the Most Viable Clean Propellant Candidate
PROPELLANT APPROACH
TITAN - QDT
DELTA - QDL
HTPE
CHLORIDE-FREE (AN/MgAI)
LOW HCI (AN/AP/A1),
SCAVENGED
HTPB/NaNO3/AP/AI
HTPB/AP/Mg-NEUTRALIZED
NAN/AN/A] EMULSION
PAYLOAD (Ibm)
DELTA II
fro GTO)
4,000
3,722
3,855
3,845
3,675
3,867
TITAN IV
frO LEO)
40,000
34,304
36,981
37,032
33,388
37,250
HCI
(%)
21.3
21.1
0
6.0
2.0
15.2
0
TABLE II
The Ballistic Properties of Current Clean Propellant Formulations are Nearly
Equivalent to Those of the Titan IV SRMU and Delta GEM Propellants
BALLISTICS
rl000
APPROACH (in/see)
m
TITAN IV SRMU - QDT 0.32
DELTA GEM - QDL 0.26
HTPE
CHLORIDE-FREE (AN/MgAI)
LOW HCI (AN/AP/AI)
SCAVENGED
HTPB/NaNO3/AP/AI
HTPB/AP/Mg-
NEUTRALITFD(4)
HAN/AN/AI EMULSION (3)
0.20-0.60
0.30-0.50
0.30-0.60
COMMENTS
n
0.30 88% solids HTPB/AP/AI baseline
0.34 propellants.
0.45
0.60
0.40
Limited burn rate range with
chloride-free option, lower pressure
exponent needed for low HCI
option.
Already demonstrated to have
acceptable ballistics and combustion
efficiency (800-lb. demonstration).
0.40 2,000-lb. demonstration motor
tested.
0.82 Significantly lower pressure
exponent needed.
102
TABLE 111 
The Cost of Clean Propellant Ingredients is Similar to That of Conventional Propellants 
APPROACH 
TITAN IV SRMU - QDT 
DELTA GEM - QDL 
HTPE 
CHLORIDE-FREE 
(AN/MgAI) 
LOW HCl (AN/AP/AI) 
SCAVENGED 
HTPB/NaN03/AP/AI 
HTPB/AP/Mg 
NEUTRALIZED(~) 
TABLE N 
Clean PropeUants Cummtly Being Tailored to Meet Estimated 
mtau IV SRMU Retrotit Reqnirements 
PROPERTIES 
HCl (%) 
PAYLOAD (Ibm) 
BALLISTICS 
rlooo (in/sec) 
n 
MECHANICAL PROPERTIES 
TENSILE STRENGTH (psi) 
ELONGATION (%) 
PROCESSABILITY 
EOM VISCOSITY (kP) 
POT LIFE (hr) 
INGREDIENT 
COST 
($/lb-) 
1.80 
2.60 
5.74 [3.08]* 
5.23 [3.15]* 
1.90 
COMMENTS 
QDT utilizes low cost R45AS, 
atomized Al, and E/A bonding agent. 
Higher costs related to use of liquid 
nitramine plasticizer (currently 
$18/lb.) partially compensated for by 
low cost AN. 
Cost reduced by use of NaN03 - 
higher cost R45M used. 
HAN/AN/Al  EMULSION(^) 5.12 
* Current maximum payload to LEO is 40,000 lbm. 
** Estimated burn rates needed to achieve equivalent thrust. 
SRMU RETROFIT 
REQUIREMENTS 
--- 
* 
0.33 - 0.35** 
< 0.50 
100 
35 
c 10 
> 15 
High cost associated with I-IAN - 
potentially lower processing costs. 
* Values in brackets based on estimated future ingredient costs for large quantities. 
3.20 
- 
HERCULES PROPELLANTS 
Higher cost related to use of R45M 
and HX-752. 
QEH-1 
2 
36,314 
0.26 - 0.36 
0.39 
134 
52 
5 
16 
WFS 
0 
34,247 
0.24 - 0.29 
0.46 
114 
39 
1 
25 
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Abstract 
The potential environmental effects of the exhaust products of conventional rocket propellants 
have been assessed by various groups. Areas of concern have included stratospheric ozone, acid rain, 
toxicity, air quality and global warming. Some of the studies which have been performed on this 
subject have concluded that while the impacts of rocket use are extremely small, there are propellant 
development options which have the potential to reduce those impacts even further. This paper 
discusses the various solid propellant options which have been proposed as being more environmentally 
benign than current systems by reducing HCI emissions. These options include acid neutralized, acid 
scavenged, and nonchlorine propellants. An assessment of the acid reducing potential and the viability 
of each of these options is made, based on current information. Such an assessment is needed in order 
to judge whether the potential improvements justify the expenditures of developing the new propellant 
systems. 
Introduction 
A good deal of effort has been expended in recent years to develop and demonstrate solid 
rocket propellants which are more environmentally benign. These alternate propellants have often been 
grouped together and termed 'clean' propellants, but this appellation is misleading and tends to cloud 
the issue since each of the various propellant options has its own merits and drawbacks. From what is 
currently known, there are no rocket propellants, liquid oxygenlliquid hydrogen systems included, 
which are completely benign to the environment. This paper is an assessment of the various low acid 
solid propellant options either available or at some stage of development, with particular focus on 
recent solid propellant work. Although most of the published literature (NASA, Prather, Schmalzer 
(1985, 1986), Potter, Bennett (1992), AIAA), focuses on the environmental impact of burning 
propellants, it must be kept in mind that the testing and launching of rockets represents only a part of 
their impact. In order to make a complete assessment of the various propellant systems, one must look 
at the entire 'cradle to grave' impact. This includes not only the end use of the rockets, but also their 
manufacture, the manufacture of all the components, the disposal of waste generated in the 
manufacturing process, and the disposal of unwanted components in the future. 
A report issued by the AIAA in October 1991 (AIAA) concluded that the use of rockets with 
the current production propellants has a very minor impact on the environment. However, in spite of 
the technical evidence of a very minor environmental impact, if substances emitted during the 
manufacture or use of rockets are regulated, restricted, or banned, alternate processes or fuel 
formulations may be required. The example is given (Hawkins) of HCI as an emission product which 
technically appears to have very little environmental impact, but which has been attacked in the press as 
a harmful to the environment (Halverson), and which may be subjected to stringent emission 
regulations in the future. 
In order to make a rational decision about which rocket fuel to use for a propulsion system, a 
detailed costlbenefit analysis must be performed. Changing from a conventional fuel to one of the 
alternates on the basis of environmental impact does not mean simply pouring the new propellant into a 
rocket chamber in place of the old fuel. One must also consider the impact to the system performance, 
hazards, reliability, cost, operability, material availability, and long term system stability, and decide 
whether or not the expected improved environmental impact is worth the price. 
Discussion 
Many more factors besides the specific target environmental issue must be addressed prior to 
the serious consideration of a propellant for use in a rocket motor. In order for a rocket motor to meet 
its mission requirements, it must have sufficient thrust to deliver its payload. The performance of a 
propellant in a given system will be a function of its specific impulse, the mass of propellant used, and 
the overall system weight. These, in turn, are dependent upon such things as the chemical makeup of 
the propellant, the propellant density, the motor chamber pressure and temperature, the reproducibility 
and magnitude of the propellant mechanical and ballistic properties, and the erosion characteristics of 
the nozzle and insulation materials. 
Cost will always be a system driver, especially in commercial launch vehicles. Cost of the 
raw materials themselves is only a part of the system costs to which the propellant contributes. 
Manufacturing of motors must be considered. If the process is very labor or time intensive, cost is 
added, as it is if special environmental conditions for storage of materials or motors are required. The 
fulfilling all of the environmental regulation requirements, including waste disposal, is becoming 
increasingly expensive, and may be a major cost driver. 
Material hazards before, during, and after mixing, will always be a concern. The propellant 
hazards classitication, 1.1 (detonable at more than a 69 card gap) or 1.3 (nondetonable at more than a 
69 card gap), usually impacts propellant formulation development. For example it is questionable 
whether a class 1.1 propellant (or perhaps even a class 1.1 ingredient in a class 1.3 propellant) would 
ever be approved for manned flight use in the U.S. Individual material hazards, such as aluminum 
dusting or isocyanate (propellant curative) toxicity, must be controlled during propellant process. 
System reliability has always been a major concern in the rocket industry, and is especially 
important for manned space flight and very expensive satellite launches. System reliability depends in 
many ways upon the propellant used, including the reproducibility of propellant ballistic and mechanical 
properties, the consistency in the propellant ignition, satisfactory safety factors, and the complexity and 
soundness of the propellant grain design. The operability of a system is important in maintaining 
mission flexibility and minimizing costs. Questions such as how quickly a motor can be put onto the 
launch pad and readied for launch, how many environmental restrictions are required, how long the 
motor may be left on the pad, and how much turnaround time is required after the launch must all be 
addressed before a propellant system can be used. 
Finally, the availability of materials must be considered. A propellant may have all of the 
properties one desires, but if one or more of its component materials is not readily available in 
sufficient quantities, it cannot be considered for production. Factors such as the scale of raw material 
production, the manufacturing location and frequency are important considerations. 
The development of 'clean' propellants has been an evolutionary process. The issues of launch 
site acidification and stratospheric ozone impact were identified and addressed in the Space Shuttle 
Environmental Impact Statement (NASA). Although the authors were working with limited data, they 
concluded that both impacts would be minor and the Shuttle program proceeded. The amount of data 
available on both issues has increased significantly in recent years, but the original conclusions of a 
minor impact remain the same. However, public awareness of these and other environmental issues 
has been greatly heightened, as has the number of environmental regulations. As a result, in the 
1980s. a number of 'clean' propellant programs were begun to specifically address the acidification 
issue. This paper will deal only with the HCI issue. Additional reviews have been published by the 
author regarding the impacts of chemical propulsion on the stratospheric ozone (e.g. Bennett (1992)). 
Acid Production and Propellant Ontions 
The deposition of acidic species on the area around the Space Shuttle launch pads at the 
Kennedy Space Center and their impact on the local environment is well documented (Schmalzer (1985, 
1986)). On a regional or global scale, acid deposition due to the HCI in solid rocket exhaust represents 
an extremely small portion of acidic species deposited in the atmosphere. If only anthropogenic 
sources in the U.S. are considered, heating and power production deposit about 33,000 kilotons of acid 
producing chemicals (mainly sulfur oxides and nitrogen oxides) into the atmosphere annually; 
transportation about 9,100 kilotons; and industrial processes about 6,100 kilotons (Schwartz). This 
compares with about 2.3 kilotons (of HCI) from chemical propulsion systems worldwide (1.8 kilotons 
from U. S.. launches) at the 1991 launch rate estimated in the AIAA workshop report. The global 
impact will be smaller still. HCI is a very common tropospheric species, produced naturally by the 
reaction of sodium chloride in marine aerosols with atmospheric nitric acid. One estimate is that 
worldwide, the oceans alone produce about 330,000 kilotons of HCl annually (Symonds). 
On a Local level, Space Shuttle launches at Kennedy Space Center cause near field (< 2,500 
ft) acidification effects due to the SRB (Solid Rocket Booster) exhaust (SchrnaIzer (1985, 1986)). 
There are some fish and plant mortalities and a reduction in plant speciation, but only in a very 
localized area of about 0.08 square miles near each of the two launch pads. Far field acid effects 
(> 2,500 ft) seem to be limited to leaf spotting as the exhaust plume is dispersed over a wide area. 
In order to put the extent of the near field area affected by the HCI into perspective, a 
comparison was made of the area at the Kennedy Space Center permanently affected by near-field 
acidification with that affected by buildings, roads, parking lots, launch pads and landing facilities. 
The KSC buildings occupy 0.13 sq. miles, which is almost as much area as is affected by the HCI 
cloud. When the roads, parking lots, launch pads and landing facilities are included, an area of 1.6 sq. 
miles has been covered. This means the HCI from the SRB exhaust permanently affects the flora and 
fauna of an area which is about 10 percent as large as the area completely covered by other facilities. 
In spite of what seems to be a relatively minor impact, the development of reduced acid 
propellants continues for several reasons. The technical evidence notwithstanding, the perception 
reflected in the popular press has been that the problem is significant. At least two lawsuits were filed 
to prevent NASA from proceeding with the testing of the Advanced Solid Rocket Motor (ASRM) in 
Mississippi on environmental grounds (Space News). Political decisions are often made on the basis of 
public opinion rather than technical facts. Since HCI emissions may very well be regulated in the 
future, it is important to have a back-up system from which HCI emissions have been substantially 
reduced. Finally, though it appears unlikely at this time, there may be long-term environmental effects 
of HCI which have not yet been detected, and which would make the use of low HCI propellants 
desirable. 
Several options exist for reducing the amount of HCI in the propellant exhaust. They can be 
subdivided into various families: neutralized, scavenged, and nonchlorine; each of which has its own 
unique challenges and advantages which are a function of the chemistry and physical properties of the 
materials used. Table I lists the major categories of solid propellants to be discussed, their primary 
constituents and exhaust products, and their density and specific impulse. For the products listed in 
Table I, it was assumed that all of the hydrogen and carbon monoxide emitted react with atmospheric 
oxygen to form water and carbon dioxide. This is likely true for altitudes below about 25 km. Model 
calculations also suggest that some of the HCI produced in the motor chamber is converted to CI, in the 
TABLE I 
The Composition and Exbust Products of Convmtioanl and Allemate Solid P r o p e h b  
Nitrate 
Ptopellant Space Nominrl Lter 
Jngrcdimt Pumse Shuttle Class I .  1 Neut. Scav. HANIAN Plart. AN GAPIAN W A N  
PBANECA Binder 14.00 
HVB/Ncd Binder 12.00 10.00 
PEGMCO Binder 7.00 
PGA/NCO Binder 5.91 
GAPRJCO Binder 20.90 
PGNtNCO Binder 20.90 
PVA Binder 15.00 
NG Plasticizer 17.00 
BuNENA Plasticizer 16.W 
AP Oxidizer 69.75 8.00 65.70 29.54 
AN Oxidizer 3.25 51.00 52.00 52.00 
HMX Oxidiir 47.00 15.00 
NaNO, Oxidizer 23.21 
HAN Oxidizer 57.20 
KC14 Oxidiir S .OO S .00 
Aluminum Fuel 16.00 20.00 22.00 20.00 13.50 21.00 21.00 
Magnesium Fuel 22 .a0 13.50 
MNA Stabilizer 0.50 
2-NDPA Stabilizer 0.20 
NC Crowlinker 0.30 
F%OY Ball. Accel. 0.25 0.30 0.25 
C a h n  Addi~ive 
H,O Additive 0.33 
Amphos Additive 0.65 
B P Y  Additive 0.65 
GNX Additive 2.60 
Dequcs Additive 0.32 
Ilp(vac) 285.3 295.6 281.1 273.3 179.9 183.9 277.9 278.1 
Density 0.06108 0.06707 0.06075 '0.06898 0.06321 0.05910 0.06398 0.06578 
Isp*Denrit~~.~ 54.87 58.43 52.35 54.94 53.39 52.01 53 .M 54.33 
Major Mau Pmduced11OOg Propellant Burned' 
gxheuff Products 
HCI 19.22 
Ch' 2.14 
Hx0 28.35 
COX 41.67 
a-0, 30.43 
NOxb 6.0 
Nz 8.78 
Mg(0H-k 
MgCI, 
NaCI 
Na(01' 
KC1 
sol' 
~ I l G O ,  
TABLE 1 kont.) 
The Colupositiou u d  Exbusi Products of Couveutiod u d  Alternate Solid Propdl;lotr 
-died Pumom 
Nivocellulost~ Binder 
PEG/NCO Binder 
PCP/NCO Binder 
BITN Plasticizer 
m ~ m  Plasticizer 
AN Oxidizer 
HMX Oxidizer 
RDX Oxidizer 
Aluminum Fuel 
MN A Stabilizer 
Various Additives 
kp(v.c) 
Density 
Isp*DensityD6 
Minimum 
7EP Smoke 
Ye' 
3.00 
2.91 
Yes 15.23 
7.61 
Ye= 
20.25 
47.25 
Yes 
Yea 0.50 
3.25 
Major Mass Produced1lM)g Propellant Burned' 
Exhaust Products 
HCI 
cl: 
H,O 28.01 
CO, 73.8 1 
AI,O, 1.00 
NOxb 6 .O 
N2 29.65 
Ph 1.35 
'Alrsums all H, is convened to H20. and all CO to CQ 
WOx estimate for Shuttle based on data in (Karol). Other propellants assumed to produce the same relative amount. 
'Actual values depend on effectiveness of neutralization process. Lab data suggests HCI produced is at least less than 3 %. MgO is an n o d e  
exit species of *'is pmpeilant. The table assumes chat all MgO is hydrated and convccctd to M g ( 0 a .  Thennochemical calculations predict 
4.8 g MgCv100 g propellant at the nozzle exit plane. 12 g will be pmduced if all HCI is neutralized. 
'Thermochemical code predicts essentially no CI, at the nozzle exit. but some is praduced during aiterbuming. Measuremenu of captured 
exhaust plumes of Shuttle propellant at Thiokol show that about 10% of the HCI is convened to CI1. The aame HClICl, ratio is assumed for 
other propellanu. 
Thermochemical code predicts elemental soditlm or potassium a1 the nozzle exit plane. They will certainly be oxidized in the plume, but the 
final compounds produced are not known. 
'Formulation is proprie~ary, however. propellant contains no chlorine. 
plume. Various estimates of the extent of this reaction have been given (NASA, Hoshizaki). The 
values given in Table I assume that the models for HCI vs. C1, cited in (NASA) are correct since they 
are consistent with experimental measurements made at Thiokol Corp. The NOx production from 
afterburning is based on data given by Karol et al.(Kafol), and is fairly consistent with NO, 
measurements obtained from an airborne flythrough of a Titan launch (Stewart). 
Neutralized Pro~ellants 
The first of the three families of reduced acid propellants relies on simple acid-base chemistry 
to neutralize the HCI in the exhaust plume @oil). In the neutralized propellants, magnesium is used in 
the place of aluminum as the metal fuel. All other ingredients remain essentially the same. 
Approximately 70 percent of the formulation by weight is ammonium perchlorate, 12-14 percent is 
polymeric binder, and 16-18 percent is magnesium. As the propellant bums, the magnesium is 
oxidized to form magnesium oxide (eq. (1)). Upon contact with water, the magnesium oxide forms 
magnesium hydroxide (eq. (2)). This is a very basic material, which reacts readily with HCI to form 
magnesium chloride and water (eq. (3)). 
Mg + 0 --> MgO (1) 
MgO + H20 -- > Mg(OH), (2) 
It was shown in the laboratory and in small scale motors that the neutralization reaction does indeed 
occur, and also that water is an essential component of the mechanism. The lab data suggested that the 
neutralization reaction has the potential of completely removing HCl from the exhaust plume, almost 
certainly if a MgO/H,O/HCI aerosol is formed. In order to better assess the extent of neutralization in 
a more realistic environment, a 2000 Ib motor containing this propellant was static tested, with an array 
of HCI measuring devices, including an airborne instrument platform (Bennett (1993)). It was found in 
this test that only about 112 of the HCI was neutralized, apparently because of the rapid dispersion of 
the exhaust cloud. For aerosol deposition such as that observed with the Shuttle launches as the plume 
mixes with the sound suppression water, the data still suggest that complete neutralization would occur. 
As outlined above, there are several other factors which must be evaluated prior to seriously 
considering the use of a propellant in a rocket motor. For the neutralized propellant, the processing is 
essentialIy the same as conventional propellants, so the waste generation and disposal would remain 
unchanged. The specific impulse of the neutralized propellant is close to that of conventional 
aluminized propellants (281.8 vs. 285.3). but the density is considerably lower (0.0591 vs. 0.0641 
Iblin'). It is unlikely that this would be an acceptable option for a retrofit of an existing volume limited 
motor, but it would be a potential candidate for a new system designed specifically for its properties. 
Table I compares the theoretical performance for a typical first stage or booster application for the 
nominal Class 1.3 Space Shuttle propellant along with the various alternate formulations. For this 
application, it is estimated that the performance is equal to the product of the specific impulse and the 
density raised to the 0.6 power. Among the ten propellants evaluated, the neutralized propellant ranks 
eighth in total performance in a volume limited system because of its low density. 
The cost of such a system would be about the same as conventional motors, since all materials 
but one are the same. The only additional processing concern would be that the magnesium needs to 
stay as dry as possible. An extensive hazards characterization has been performed on this propellant 
under the Solid Propulsion Integration and Verification (SPIV) program (Cragun), and has shown it to 
be Class 1.3 similar to the Space Shuttle and Peacekeeper Stage I propellants. A full scale propellant 
and bondline characterization study has been performed, and shows the neutralized propellant to be 
robust and versatile. Propellant aging capability is still largely unknown. From the available data, 
reliability, operability and material availability should be comparable to existing systems. Of the 
proposed alternate solid propellants, the neutralized and scavenged propellants are the most mature. 
Scavenred Pro~ellants 
The second of the reduced acid propellant families are the scavenged propellants. In these 
propellants, sodium nitrate is used in place of about 112 of the AP. As the propellant bums in the 
rocket chamber, the sodium ions scavenge most of the chloride ions to form NaCI, preventing them 
from forming HCI. Laboratory measurements and theoretical calculations indicate that the HCI 
emissions are reduced by about an order of magnitude from conventional propellants. An accurate 
quantification of the acid reducing capability of the scavenged propellants during an open air test has 
not yet been made, although there are plans to do so in the future. 
Replacement of AP with sodium nitrate exacts a specific impulse penalty. Depending on the 
formulation, 15 - 20 seconds are lost compared to conventional Space Shuttle propellant. Some of this 
(5 - 10 seconds) is regained if an energetic nitramine, such as HMX, is used (Table I), but attaining 
Space Shuttle Tsp with a sodium nitrate propellant is not realistic. However, because of its increased 
density of sodium nitrate over AP, a scavenged propellant appears to be practical in a volume limited, 
boosterlfirst stage application. The loss in specific impulse can be compensated for by virtue of the 
fact that a greater mass of propellant can be used in the motor. It appears that essentially the same 
overall performance as the Space Shuttle can be achieved in a scavenged propellant by a combination of 
the addition of HMX and a higher solids loading. Table I shows that a scavenged propellant 
formulated at 90 percent solids and 15 percent HMX has total performance (Isp x densitf6) of 54.94 
compared with Space Shuttle's 54.87. 
As with the magnesium propellant, conventional processing techniques would be used for the 
scavenged propellant, with about the same amount of waste generation. Material costs would be 
slightly higher if HMX were used. Manufacturing costs might also be somewhat higher because a 
larger number of ingredients means more storage space and material control work. Though a complete 
hazards characterization has not yet been performed, the tests run to date show the hazards of the 
scavenged propellants to be about the same as those of conventional class 1.3 composite propellants. 
HMX is a Class 1.1 material, but it can be used in moderate amounts without making the propellant 
Class 1.1. In fact at least 1.5 percent HMX can be added without detonating a zero card gap pipe. 
Sodium nitrate formulations have been scaled up to full scale (600 gallon) mixes, and have 
been tested in motors of various sizes up to about 2000 Ib, showing the expected properties. 
Mechanical properties are not as robust as the neutralized propellants, with somewhat lower strain 
capability, but they appear to be about as good as the conventional Minuteman Stage I propellant (30 
percent strain and 130 psi maximum corrected stress). The reliability of the propellant should be 
reasonably good, though the i~creased number of ingredients may result in somewhat higher propellant 
variability, but this is purely speculative. Operability and availability of materials are likely to be about 
the same as for conventional propellants. 
Reduced Chlorine Pronellants 
The final family of reduced acid propellants does not depend on the acid neutralization or 
scavenging reactions to reduce the acid in the exhaust, it simply contains little or no chlorine in the first 
place. A wide variety of approaches exist for reducing the amount of chlorine in the propellants, and 
each presents its own set of challenges or drawbacks. In concept, the simplest approach is to replace 
the AP with a nonchlorine oxidizer. 
For class 1.3 composite propellants, ammonium nitrate (AN) has been extensively studied. 
More recently, the more energetic hydroxyl ammonium nitrate (HAN) has been used in conjunction 
with AN to form a eutectic mixture which is a liquid at room temperature. This liquid oxidizer has 
then been mixed with polyvinyl alcohol and aluminum (if desired) to form a gel propellant (Katzakian). 
Other potential oxidizers such as ammonium dinitramide (ADN) are under preliminary investigation on 
the lab scale. Since the replacement of AP by AN results in a substantial performance loss and very 
limited ballistic tailorability, more energetic binder and plasticizer systems are being investigated. 
AN presents other challenges in addition to lower performance capability. Studies to date 
have shown little ballistic or mechanical property tailorability. AN propellant bum rate is typically 
quite low, and bum rate slope quite high. The mechanical property capability of AN propellants has 
generally been rather poor, with strains in the 10 - 20 percent range at a stress level of 160 psi 
(Weyland), or about 30 percent at a stress level of 80 psi (Bradford). At equivalent solids loading, 
processing is generally more difficult than AP propellants, and AN has a number of crystalline phase 
transitions in the temperature range normally associated with propellant cure and storage requirements. 
Since the different phases have different densities, if the AN crystalline phase is not stabilized by an 
additive, the propellant grain tends to increase in volume as it is temperature cycled, disrupting its 
integrity. AN is also more moisture sensitive than AP. While none of these difficulties appears 
insunnountable, they do represent a significant challenge to propellant chemists and engineers. AN 
propellants have been static tested in at least 70 lb. motors. 
As mentioned, energetic polymers and plasticizers have been considered for some time in 
connection with improving the performance of AN oxidized propellants. Among those polymers 
considered are glycidyl azide polymer (GAP), polyglycidyl nitrate (PGN), polyoxetanes, and 
polynitramines. Some of these materials are available in large enough quantities to be considered for 
production propellants. 
One promising new approach under investigation by Thiokol, given the acronym TEP, is to 
use a nitrate ester to plasticize and gel nitrocellulose. Although this ingredient combination has been 
used for quite some time, unique processing techniques have imparted greatly improved mechanical 
properties, with strains of about 100 percent and stresses approaching 1000 psi. Aluminum and 
ammonium nitrate can be added to improve performance, with performance identical to Space Shuttle 
easily achievable. Minimum signature TEP formulations have been shown to be Class 1.3. The 
processing and gel mechanisms of TEP and other gelled solid propellants are considerably different 
than conventional propellants. No chemical cross linking is employed, giving them the potential to 
significantly reduced propellant waste streams. In addition, the TEP propellant has an indefinite 
working life and is insensitive to low levels of moisture contamination. Nitrate ester plasticizers have 
been used in other AN propellant formulations as well. These propellants show some promise, but are 
not mature enough to know if they are viable for production motors. 
The HANIAN gel propellants exhibit greatly improved strain capability (in excess of 250 
percent) over conventional class 1.3 composite propellants (Katzakian). A HANlAN propellant has 
been tested in an 800 Ib Super BATES motor at Edwards AFB. The HANIANfPVA binder system is 
water soluble, so motors could conceivably be washed out easily; however, this very fact raises 
concerns about aging this propellant with exposure to atmospheric humidity. Both the specific impulse 
and the density of the HANlAN propellants are lower than conventional Shuttle propellant, so motors 
could not likely be retrofit with them. While some success has been achieved in tailoring the HANlAN 
propellant bum rate, the bum rate exponent remains higher than is desirable (> 0.6). 
Cost, reliability, operability, hazards, aging characteristics, and material availability all remain 
open issues with the Class 1.3 AN and gel systems. They are considerably less mature than the 
scavenged and neutralized propellants. While ADN looks promising on paper, it is currently available 
in very limited quantities in the U.S., although the Soviet Union apparently produced a large amount of 
the material for some time (Pak). It still appears that the practical use of ADN in U.S. rocket motors 
is at least several years distant. 
If the Class 1.3 requirement does not apply, conventional high energy, Class 1.1 propellants 
can be used in order to reduce the HCl in the exhaust. These generally consist of polyethylene or 
polyester binders, plasticid with nitrate esters. HMX is used as the main solid oxidizer, with only 8- 
10 percent AP present for ballistic tailoring. These propellants have been used for years in submarine 
launched ballistic missiles such as C-4 and D-5, and in tactical minimum smoke applications. When 
aluminized, they outperform the conventional class 1.3 composite propellants (Table I), are easily 
processed and have excellent mechanical and ballistic property capabilities, both as produced and with 
aging. They typically cost more than Class 1.3 propellants, because of the price of the nitrate esters 
and the HMX. Reliability and availability of materials are similar to Class 1.3 propellants. Their 
major perceived drawback is their hazards properties, since by definition they will detonate at greater 
than 69 cards, and hence have very small critical diameters. This could impact operability for space 
launch systems. Despite the potential for detonation, motors loaded with Class 1.1 propellants enjoy a 
very good safety record in the field; however, none of the current space launch vehicles use this family 
of propellants. 
In summary, there are several approaches to reducing the acid content of the exhaust plume. 
The most mature are the conventional high energy Class 1.1 propellants, which have been in production 
for many years, but are viewed as being more hazardous than the Class 1.3 propellants. For the Class 
1.3 propellants, the neutralized and scavenged propellants are the most mature, having been made in 
full scale mixes, cast and tested in large subscale motors, and characterized extensively. The AN 
propellants, both gel and conventional, are not as mature, and have more technical challenges to be 
overcome. The extent of acid reduction by the magnesium neutralized propellants depends on the 
environmental conditions under which it is used, and is in the range of 0 - 10 percent. The sodium 
nitrate and high energy propellants have the potential of reducing the HCI in the exhaust by about an 
order of magnitude, to 1-3 percent, while the nonchlorine propellants eliminate it entirely. 
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IMPROVED HYBRID ROCKET FUEL 
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ABSTRACT 
McDonnell Douglas Aerospace, as part of its Independent R&D, has initiated development of a 
clean burning, high performance hybrid fuel for consideration as an alternative to the solid rocket thrust 
augmentation currently utilized by American space launch systems including Atlas, Delta. Pegasus, Space 
Shuttle, and Titan. It could also be used in single stage to orbit or as the only propulsion system in a new 
launch vehicle. Compared to solid propellants based on aluminum and ammonium perchlorate, this fuel is 
more environmentally benign in that it totally eliminates hydrogen chloride and aluminum oxide by 
products, producing only water, hydrogen, nitrogen, carbon oxides, and trace amounts of nitrogen oxides. 
Compared to other hybrid fuel formulations under development, this fuel is cheaper, denser, and faster 
burning. The specific impulse of this fuel is comparable to other hybrid fuels and is between that of solids 
and liquids. The fuel also requires less oxygen than similar hybrid fuels to produce maximum specific 
impulse, thus reducing oxygen delivery system requirements. 
Introduction A 
The nineties is the decade in which new 
governmental regulations drove industry to develop 
and utilize alternative, more environmentally 
benign products and processes. In the area of rocket 
propulsion. one effect of the peace dividend has 
been a reduction in military funding for systems 
designed to meet military needs, leaving an 
increased emphasis on commercial launch systems. 
As a result, technology drivers are being broadened 
from those of the military, which emphasize low 
volume and long term storage coupled with 
immediate readiness, to those established or 
anticipated to be established by regulatory agencies, 
which place additional emphasis on safety and 
being more environmentally benign. 
Propulsion Background 
Payload 
2nd Stage 
Engine 
Fuel Tank 
Fuel feed 
Lox Tank 
The standard rocket propulsion options, 
the technologies around which all launch systems 
in use today have been designed, comprise two well 
defined categories--solids and liquids. Solids tend to 
be easily stored for considerable periods of time, are 
smaller, are less expensive to develop, are less 
expensive in mass production, and are avaihble Tor solids 
use at a moment's notice. However, with minor 
exceptions, they cannot be turned off once ignited r st Stage 
until they have completed propellant burnout. In Engine 
contrast, liquids allow stop, start, restart, and 
throttling capability, and are favored for launch DELTA 6925 
vehicle main engines. Commercial systems in use 
today - - Delta (figure 1). Atlas, and Titan, were FIGURE 1. DELTA ROCKET 
on a hydrocarbon binder system filled with a second 
hydrocarbon of a slightly different composition. 
The performance of the MDA hybrid fuel compared 
to that of the Government/Indusuy Team's hybrid 
fuel as well as another possible propulsion 
alternative is shown in Table 2. The specific 
impulse developed by the MDA hybrid fuel system 
compares favorably with others in Table 2. It can 
be seen that the specific impulse of hybrid fuels is 
substantially higher than that of typical solids, and 
is very close to that of existing liquid systems. 
Analysis Conditions: Shifting 
equilibrium, chamber pressure of 1000 psia, solid-- 
70% AP and 18% Al, O/F ratios for RP-1 and 
hybrids 2.56.2.4. and 2.0 respectively, 
shown in Table 3. The reason the Space Shuttle 
needs such a large external tank is that liquid 
hydrogen has a very low density and occupies a 
relatively large volume for a given weight. The 
higher density of the improved hybrid fuel means 
that the motor case to hold it can be smaller than 
that required for other hybrid fuels, enabling greater 
system integration capability with the launch 
vehicle. 
Another advantage of the improved hybrid 
fuel is its lower oxidizer requirement as shown in 
table 4. The lower oxygen requirement is 
advantageous in that a smaller oxygen tank can be 
used and either a smaller pump or less pressurant 
will be required to move it, thus reducing weight 
and cost. 
One of the advantages of the MDA hybrid 
fuel is its higher density compared to other fuels as 
TABLE 1. MOLE PERCENT OF CHEMICAL SPECIES IN ROCKET EXHAUST (AT EQUILIBRIUM) 
TABLE 2. COMPARATIVE SPECIFIC IMPULSE (Isp) OF DIFFERENT PROPELLANTS IN 
LBF SECLBM 
TABLE 4. COMPARATIVE O F  RATIOS FOR DIFFERENT FUELS 
I 
w 
Density in dm1 
Government/ 
Industry 
Team Hybrid 
1 .O 
- - 
_ O/F ratio at maximum Isp 
Liquid Hydrogen 
0.07 
MDA Hybrid 
1.1 
Liquid RP-I 
0.8 1 
Liquid RP-1 
- 2.56 
Government1 
Industry 
Team Hybrid 
2.4 
MDA Hybrid 
1.9-2.0 
The Hybrid Alternative 
Hybrid rocket propulsion is an alternative 
in which hazardous and environmentally less 
desirable solid rocket propellants containing 
ammonium perchlorate can be replaced with a much 
safer, relatively inert, environmentally benign fuel 
to be burned with oxygen. A hybrid rocket 
propulsion system is shown in figure 4. Some of 
the salient features are 1) the fuel is stored adjacent 
to the nozzle in what becomes the combustion 
chamber analogous to solid motors, 2) the total 
volume of the hybrid motor will be intermediate 
between a solid and a liquid designed to produce the 
same total impulse, 3) only the oxidizer needs to be 
moved to the combustion chamber during operation 
reducing the number of moving parts compared to 
an all liquid system, and 4) the complex engine is 
replaced with a much simpler combustion chamber. 
Hybrids--in the form of a solid fuel burned 
with fluid oxygen--embody many of the advantages 
of solids. These are a) lower cost via relatively 
easy design and fabrication to virtually any 
intermediate size and b) relative simplicity 
compared to all liquid propulsion systems, since 
half of the pumping and piping as well as the 
engine have been eliminated. Hybrids are more 
advantageous than solids in that they are less costly 
to handle and process since they are not energetic. 
From a pollution standpoint, hybrid fuels are 
advantageous because they can easily be formulated 
to contain only carbon. hydrogen, oxygen, and 
nitrogen, (just like liquid fuels) and thus produce 
primarily water, oxides of carbon, hydrogen, and 
nitrogen--relatively benign species--during 
operation. While oxides of nitrogen are possible, 
the results of analysis obtained via the SPP 
(Standard Performance Prediction Program) indicate 
that they are very minor products. Results from 
this code also show that hybrid systems deliver 
higher specific impulse than solids. 
McDonnell Douglas Aerospace-- 
Huntsville has formulated and tested an advanced 
family of hybrid rocket fuels. These fuels contain 
only carbon, hydrogen, oxygen, and nitrogen 
making them clean burning. The fuels contain no 
oxidizing species, making them safe to handle, 
process, and store. The hybrid propulsion system 
can be started, stopped, restarted, and throttled, and 
it exhibits more design flexibility than existing 
hybrid fuels. Tests to date, both in the MDA 
program and elsewhere, indicate that limited cracks, 
debonds, or voids in the fuel grain lead to only 
moderate, slowly developed increases in pressure, 
making operation safer. These characteristics 
I 1 Oxidizer 
FIGURE 4 HYBRID PROPULSION FOR A 
SPACE LAUNCH VEHICLE 
enable a much wider variety of design options as 
well as a significantly lowered environmental 
impact for a rocket propulsion system compared to 
commercialized solid propulsion technologies. 
Characteristics of the Improved Hybrid Fuel 
The exhaust products of a typical solid 
propellant are compared with those of one of the 
MDA hybrid propulsion options (fuel plus oxygen) 
in Table 1. The solid propellant formulation is an 
18% aluminum. 70% ammonium perchlorate 
composition, with the percentages being weight 
percents. The hybrid fuel is burned at an oxidizer 
to fuel (weight ratio) of 2.0, the ratio at which the 
specific impulse is maximum. It can be seen that 
by changing to a hybrid propulsion system which 
was formulated to be clean, all HC1 and A1203 are 
eliminated from the exhaust products. The more 
hazardous of the two, HC1, is eliminated by 
replacing the solid oxidizer, ammonium 
perchlorate, with oxygen. Aluminum was also 
deliberately removed from this particular hybrid 
formulation, thus eliminating aluminum oxide 
from the exhaust. 
The hybrid fuel formulation currently 
being examined by the NASA Marshall Space 
Flight Center GovernmentlIndustry Team is based 
Solid propellant is significantly more 
dense than the components in liquids. Typical 
solid propellants used in thrust augmentation have 
densities of 1.84 glcc. As a result the volume 
required to hold solid propellant producing a given 
amount of total impulse is significantly smaller 
than the volume required for a liquid system 
designed to produce the same total impulse. 
Solid propellants fall into two general 
types from a safety standpoint. These are class 1.1 
and class 1.3, which are explosive hazard 
classifications. Class 1.1 propellants can react very 
rapidly in detonation mode as well as more slowly 
in deflagration mode. Class 1.3 propellants can 
only deflagrate. However, the difference is only in 
the rate of reaction, and a slow detonation is very 
similar to a rapid deflagration. Technically, a 
detonation proceeds at a supersonic rate. For some 
compositions under some conditions, a deflagration 
can accelerate and become a detonation. Because of 
the relative hazard potential, class 1.3 propellants 
are preferable to class I. I propellants, and class 1.3 
propellants are much more common. The fuel in 
class 1.3 propellants is usually aluminum, while 
the oxidizer is usually ammonium perchlorate. 
Thrust augmentation propellants for Delta, Atlas, 
Titan, and the Space shuttle are all class 1.3. 
Solid propellants consist primarily of a 
fuel and an oxidizer, intimately mixed at the factory 
long before flight. In most cases the fuel and 
oxidizer are held together by some sort of rubbery 
binder material. The common class 1.3 propellants 
are prepared by mixing the oxidizer and fuel with a 
liquid prepolymer and a curative. Prior to cure, the 
mixture is poured or cast into the combustion 
chamber or motor case. Such motors are known as 
case bonded since the propellant is bonded directly 
to the case. (Technically there are intermediate 
layers of liner and insulation, but they are all 
bonded together, and the outside layer is bonded 
directly to the case wall.) The propellant cures in 
the mom case which becomes the combustion 
chamber once the motor is ignited and burned. 
Two significant chemical by-products 
produced when class 1.3 propellants bum are 
hydrogen chloride and aluminum oxide. Hydrogen 
chloride is a pollutant which contributes primarily 
to acid rain. The chlorine portion of the molecule 
can adversely affect the ozone layer. Particulate 
aluminum oxide can adversely affect the ozone layer 
if it is deposited in the stratosphere. However, the 
total amounts of either of these chemicals generated 
and deposited by rockets is small compared to that 
generated by all other sources. 
Characteristics of Liquids 
Liquid propellant systems consist of fuel 
and oxidizer which are stored and handled separately 
until they reach the combustion chamber in the 
rocket engine. Because they are stored and handled 
separately, liquids are less hazardous than either 
solid propellants or solid propellant ingredients, 
especially the solid oxidizers. The most common 
liquid fuels are hydrocarbons similar to gasoline or 
jet fuel. The Delta 6925 uses a hydmarbon called 
RP-1, which has a density of approximately 
0.8 glcc. The most common liquid oxidizer is 
oxygen, which is normally handled as a cryogenic 
fluid to maximize its density and to limit the 
weight of the tank required to hold it. The density 
of liquid oxygen is about 1.1 g/cc. The explosive 
hazard for liquid systems is generally lower than 
that for solids as neither the fuel nor the oxidizer 
can explode by itself. However, mixtures of certain 
ratios can explode and/or detonate. The primary 
combustion products formed during engine 
operation are water, hydrogen, carbon dioxide, and 
carbon monoxide. 
Since the fuel and oxidizer are held 
separately in the rocket, liquid systems utilize 
pumps to move the liquids into the engine which 
consist of the inlets, injector, combustion chamber, 
and nozzlelexit cone. Starting, stopping, and 
throttling are controlled primarily by varying the 
pumping rates. There are a large number of 
moving parts, many moving at very high speeds. 
A diagram of one engine (complete with 
nozzle and exit cone) that is used in the liquid 
propulsion portion of a space launch system is 
shown below in Figure 3. Large inlet pipes and 
powerful high speed turbo pumps are used to 
supply the engine with fuel and oxidizer during 
operation. 
FIGURE 3 LIQUID ENGINE FOR A SPACE 
LAUNCH VEHICLE 
originally designed to use only liquid propulsion. 
However, over the years, each has subsequently 
added solid propellant, strap-on, thrust 
augmentation as a lower cost route to increase 
payload capability in an incremental fashion. 
A good example of a launch system is the 
6925 configuration of the McDonnell Douglas 
Delta Launch System shown in figure 1. This is a 
two (or three) stage system, with the first stage 
utilizing a combination of liquids and solids. In 
the first stage, the weight ratio of oxygen needed 
for a given amount of fuel is about 2.2. As a 
result, the oxygen tank is larger than the fuel tank 
and is positioned closer to the engine. Oxygen is 
stored as a low temperature, cryogenic liquid, 
usually referred to as LOX, short for liquid oxygen. 
At the base of the launch vehicle is the engine in 
which the fuel and oxygen are combined and 
burned. The hot gases are ejected through the 
nozzle throat and expand as they pass through the 
exit cone shown at the very bottom of the figure 1. 
Supplementing the liquid main engines, grouped 
around the base of the first stage are several thrust 
augmentation units in the form of solid rockets. 
The second stage of the Delta 6925 shown 
in figure 1 consist of a smaller liquid engine with a 
large exit cone. The much lower external pressure 
at the high altitudes where this stage operates 
allows higher engine performance via greater 
expansion of the hot gases in the large exit cone. 
The fuel is Aerozine-50, the oxidizer is nitrogen 
tetroxide, a liquid at ambient temperatures enabling 
it to be stored without venting which is required for 
cryogenic liquids. After the second stage is fired, 
the payload is delivered into a low earth orbit. 
In this illustration, the payload is to go 
into a final higher orbit, and contains a payload 
assist motor for the last leg of the trip, making the 
entire package a three stage launch system. 
Payload assist motors are usually solid rockets, as 
solid rocket motors are compact and easily stored 
for long periods of time. This simplifies payload 
integration, as the payload can be stored and ready 
well in advance of readying the basic two stage 
launch system. 
Characteristics of Solids 
A cross section of the solid rocket motor 
used for thrust augmentation on the current Delta 
7925 Launch System, the Hercules graphite epoxy 
motor or GEM, is shown in Figure 2. A major 
difference between the Delta 6925 and the Delta 
7925 Launch Systems is that on the 7925, each 
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FIGURE 2. THE GRAPHITE EPOXY MOTOR 
(GEM) 
solid propellant motor is larger and utilizes a 
Lightweight graphite epoxy case instead of a metal 
case, 
By examination of figure 2 it can be seen 
that solid rocket motors are relatively simple, 
consisting mostly of propellant, case to hold it, an 
igniter to start it, and a nozzle/exit cone to direct 
the hot gases. The form of the solid fuel is usually 
referred to as a propellant grain or a web. In this 
case, the propellant grain has a hollow core running 
down the center from the igniter to the nozzle. 
This type of grain design is commonly referred to 
as CP, which stands for center perforated. The 
center perforation is not limited to circular cross 
sections. The larger open space toward the bottom 
in this grain indicates some sort of star cross 
section in part of the grain. The propellant is 
ignited by an electrical signal and a laser. 
McDonnelI Douglas has conducted a 
vigorous IRAD program during 1993 and 1994 to 
develop these new hybrid fuel formulations. Over 
39 motor firings of 2" diameter fuel grains have 
been conducted with various fuel formulations. 
The results of the motor firings indicate that the 
improved fuel exhibits a regression rate 
approximately twice that of the NASA Marshall 
Space Flight Center Govemment/lndustry Team 
formulation. The increase in regression rate will 
enable a much greater flexibility in grain design. 
Current regression rate limitations drive the grain 
design to either a very long, slender, single port 
grain, or else a complex multiport grain. The 
increased regression rate will either enable 
shortening of the single port grain or else a decrease 
in the number of openings in the multiport design. 
One net effect will be an increase in the average 
density since there will be less empty space required 
in the motor. The resultant decrease in motor size 
will reduce costs and each launch vehicle 
integration operations. 
During operation the hybrid motor is 
throttleable and restartable. This provides design 
flexibility for thrust variation as the vehicle passes 
through maximum Q compared to solid boosters 
which provide nearly constant thrust. Test results 
have also shown that hybrid motors are much less 
susceptible to overpressurization due to exposure of 
additional grain surfaces. Cracks in solid propellant 
grains have a tendency to expose additional 
propellant surface area which very rapidly produces 
a positive feedback loop leading to destructive 
overpressuriza tion. Cracks in hybrid fuel grains 
have generally been found to lead to only moderate 
pressure increases since the (rued) oxygen flow rate 
limits the total oxidation and formation of 
additional gas that can occur. In a fairly extreme 
case which occurred during testing on this IRAD 
program, grain disintegration and a rapid increase in 
surface area produced a fairly rapid increase in 
pressure. However, even under these adverse 
conditions, detection of the overpressure condition 
and immediate oxidizer flow shut off resulted in 
successful corrective action and avoidance of 
destructive overpressurization. 
Potential Uses of Hybrid Rocket Propulsion 
Probably the easiest route to 
implementation of hybrid rocket propulsion 
technology is through development of thrust 
augmentation units for use on existing launch 
systems such as Delta, Atlas, or Titan. The 
requirements are well defined and the performance of 
the motor could be extensively validated via a 
qualification program. 
New propulsion systems could also be 
designed to take advantage of the unique 
characteristics of the hybrid. One possibility is in 
the single stage to orbit, reusable launch system. 
The first iteration in design based the propulsion 
system entirely on hydrogetdoxygen, a system with 
a large volume requirement. Subsequent designs 
have included use of a second liquid fuel with a 
density much greater than hydrogen, which trade 
studies have shown results in a gain in overall 
performance. Since the MDA hybrid fuel exhibits 
another step up in density, the use of MDA hybrid 
fuel as part of the SSTO propulsion system should 
lead to a further increase in system performance. 
MDA is in the process of evaluating this 
possibility. 
A third possibility for use of hybrid iocket 
propulsion is a stand alone hybrid for a new 
expendable launch system. The American rocket 
Company in conjunction with Martin Marietta 
plans to fly a small system of this type in 19%. 
Ancillary Benefits 
In the history of technological 
development, it has generally been performance 
first cost second. Fit  determine if it can be done, 
then determine if it can be done cost effectively. 
Total cost is made up of indirect as well as direct 
components. It is easy to obtain cost of raw 
materials in dollars per pound, and the improved 
hybrid fuel plus oxygen is significantly cheaper 
than solids as well as being cheaper than alternative 
hybrid formulations. However, the total costs of 
using class 1.3 solid propellants include loss of 
facilities and buildings, need for additional 
buildings and land for remote storage and remote 
processing, and much travel to and from between 
remote buildings as well as accidents that are 
inevitable even with stringent attention to safety 
and quality procedures that have been established for 
working with energetic materials. 
Summary 
A family of promising, new, improved 
hybrid fuels has been developed which offers a 
number of advantages over solid propellants which 
they can replace. These advantages include a more 
environmentally benign system via elimination of 
hydrogen chloride and aluminum oxide as by- 
products, lower cost, higher density, higher degree 
of safety, lower oxygen requirements, and higher 
regression rates. The advantages are obtained 
without sacrificing performance as measured by 
specific impulse. Hybrid propulsion utilizing 
MDA's new higher performance fuel offers unique 
characteristics which can potentially increase the 
performance of the next generation SSTO, or lower 
costs in existing launch systems as they develop 
and utilize new larger thrust augmentation units in 
order to deliver the larger payloads of tomorrow. 
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Abstract 
This paper is a survey of the waste minimization efforts of industries 
outside of aerospace for possible applications in the manufacture of solid 
rocket motors (SRM) for NASA. The Redesigned Solid Rocket Motor (RSRM) 
manufacturing plan was used as the model for processes involved in the 
production of an SRM. A literature search was conducted to determine the 
recycling, waste minimization, and waste treatment methods used in the 
commercial sector that might find application in SRM production. 
Manufacturers, trade organizations, and professional associations were also 
contacted. Waste minimization efforts for current processes and replacement 
technologies, which might reduce the amount or severity of the wastes 
generated in SRM production, were investigated. An overview of the results of 
this effort are presented in this paper. 
Introduction 
This paper was prepared under the direction of NASMMSFC in support 
of the NASA Operational Environment Team headquartered at MSFC. This paper 
was prepared from a Technical Report, by the authors, produced for the Solid 
Rocket Motor Design Branch of the Propulsion Laboratory at NASNMSFC [I]. 
The objective of this paper is provide a review of lessons learned from the 
commercial sector that might be applicable to the SRM industry. Issues related 
to propellant disposal technology and the operational uses of SRMs were 
excluded from this study due to the large ongoing efforts in these areas 
elsewhere. 
The RSRM program was chosen as the model for this paper because of 
it's large size and obvious importance to NASA. Thiokol Corporation has an 
ongoing waste minimization effort and has reported good progress in reducing 
and eliminating unnecessary waste. The intention of this paper is not to 
evaluate the waste treatment or minimization efforts at Thiokol. However, it is 
hoped this paper will provide some useful ideas for the SRM manufacturers in 
waste minimization, treatment, new technologies, and recycling. 
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This effort was begun by reviewing the various processes that go into 
the production of the RSRM. These include, but are not limited to, case 
preparation and refurbishment, insulation/inhibitor preparation, propellant 
mixing and casting, and manufacture of composite materials. Each of these 
processes generates its own series of wastes that require recycling or 
treatment and disposal. The generic characteristics of each of these processes 
were listed and used to identify processes in commercial industries that are 
similar in nature. 
The automotive industry was of particular interest because of its large 
production capacity, varied manufacturing steps, and diversity of materials 
used. The production of an automobile, in the broad sense, uses the same types 
of materials and processes as an SRM. The materials and processes of 
particular interest are metal fabrication, metal cleaning, painting operations, 
and polymer recycling and disposal. 
Little information was found concerning composites outside of 
aerospace related industries. The most attractive use for the waste composites 
that was located is for engineered building materials. With the new materials 
composed of waste composites and comingled municipal plastic wastes. 
Discussion 
This paper will highlight four examples of technology that are 
applicable in the aerospace industry. These four samples that will be cited are 
the Automotive Pollution Prevention Project, treatment of oily wastewater, 
removal of zinc from an oily wastewater, and recycling of waste composites 
from the aerospace industry. Each of these will be discussed in limited detail 
and are examples from the report prepared for NASMMSFC. 
Preven- 
The Automotive Pollution Prevention Project (APPP) is a voluntary 
partnership between General Motors Corporation, Chrysler Corporation, Ford 
Motor Company, American Automobile Manufacturers Association, the State of 
Michigan, and the United States Environmental Protection Agency. The APPP 
is chartered with the task of 1) identifying persistent toxics that have been 
released into the Great Lakes Basin, 2) advancing a pollution prevention 
agenda within the auto industry, 3) reducing releases of persistent toxic 
substances, and 4) addressing regulatory barriers that inhibit pollution 
prevention efforts[2]. 
The APPP prepared a list of Great Lakes Persistent Toxics (GLPT) which 
the use and release of was to be reduced or eliminated, where possible. Many 
of the chemicals listed as GLPT are found in the manufacture of a typical SRM. 
Some of those listed as GLPT are* : 
Methyl Chloride Methylene Chloride 
Phenol Toluene 
Chromium Zinc 
'This is a sampling of the GLPT and not an inclusive list. 
Another goal of the APPP is to foster technology transfer among the 
three major U.S. Auto companies and their suppliers to aid in pollution 
prevention and treatment. The APPP produced a series of case studies, in a 
synopsis format. Among the accomplishments cited by the APPP is the annual 
reduction in the release of GLPT. Their progress since 1988 is detailed in 
Figure 1. The auto companies also report that a 27.3% reduction has been 
achieved in the release of GLPT on a per car produced basis. 
Auto Co. Toxic Release Inventory (TRI) Releases 
Year 
Figure 1 Release of GLPT Substances by the Auto Companies [2]. 
Many of the case studies are also of interest to the SRM industry. Two of 
the studies will be reviewed here. They are the elimination of Trichloroethane 
degreasing and reduction in the use of ozone depleting substances (ODs) for 
spot metal cleaning, 
General Motors in its Lansing Auto Division, as a late as 1990, was using 
15,000 pounds per year of chloroflourocarbons (CFCs) for spot metal cleaning. 
The CFC used was in the form of Freon 11 and Freon 12 in aerosol spray cans. 
The Freon 1 1 and Freon 12 were replaced by HCFC-141B. Although HCFC-141B is 
also an ODs, it has only 12% of the ozone destroying potential of the CFC. The 
amount of cleaner was also reduced from the 15,000 pounds per year to 9,000 
pounds per year. 
Ford replaced trichloroethylene vapor degreasing with aqueous 
cleaning. The plant used vapor degreasing to clean high surface area 
aluminum parts used in heat exchanging equipment. Although the 
degreasing unit had a vapor reclamation system, the high surface area 
aluminum retained a significant amount of TCE which evaporated after 
removal from the cleaner. This TCE vapor degreasing process accounted for a 
large percentage of the chlorinated solvents released by Ford. 
As is true with any new process, there is concern as to whether it will 
be as reliable as the previous one. There was concern that going to an aqueous 
degreasing processing would etch the aluminum or adversely effect the 
brazing process in assembling the completed units. A pilot process was 
established to test detergent solutions. This unit consisted of 1) a prewash to 
remove easily removed oils, 2) a detergent wash to loosen and remove more 
stubborn oils, and 3) a water rinse. The pilot plant operation was found to be 
compatible with current and planned brazing operations and did not adversely 
effect the aluminum surface. 
On the basis of on the results from this program, the Ford Climate 
Control Division has recommended that Ford replace all TCE degreasers with 
aqueous cleaning world-wide. 
Treatment of Oily WastewateK 
General Motors installed a membrane biological reactor system (MBR) to 
treat effluent from a sheet metal machining operation. The water effluent 
from this operation was heavily contaminated with synthetic machining oils. 
The manufacturing operations generated a wastewater flow of 151 m3/day. 
The untreated effluent contained a chemical oxygen demand (COD) of 
approximately 6000 mg/l. A new treatment plant would be required to meet 
stricter effluent standards [3]. 
The existing treatment plant was 35 years old and required a high 
degree of operator attention. The waste treatment facility consisted of 
standard physical and chemical treatments. This treatment scheme generally 
left soluble organics untreated and discharged them in the effluent. 
The new membrane biological reactor consists of a suspended growth 
biological unit combined with an ultrafiltration unit. The ultrafiltration unit 
provides a means to assure adequate liquid-solids separation. This combination 
allows for very high levels of biomass growth in the reactor unit without any 
being released in the effluent. This technology has the added benefit of 
treating soluble organics in the waste stream that had previously been 
discharged untreated. 
The installation of the MBR at the plant was a success. The MBR yielded 
a 94% reduction in COD, reducing oils and greases in the effluent to less than 
25 mg/l. The unit met or exceeded design specification even though the COD 
volumetric loading was more than twice the design parameters. 
O1lv Wastewater 
In another example from General Motors an innovative process was 
employed to remove zinc from oily wastewater in a transmission facility. This 
example differs from the previous example in technology in that it is a retrofit 
to an existing facility. The new treatment system was required to meet new 
effluent guidelines. Zinc was to be reduced from the current effluent level of 
2-5 mg/l to 0.37 mg/l in a flow of 2160 m3/day and meet a deadline of less than 
one year [4]. 
In the removal of zinc from a waste water, it is critical that the oil level 
be as low as possible. The influent contained approximately 35 g/l oil. This 
level necessitated that the current oil removal system be optimized. The 
current system for oil removal consisted of a corrugated plate interceptor and 
dissolved air flotation and skimming. Enhancement of the existing oil removal 
system was accomplished by addition of a rotary screen to remove solids, and 
improve distribution of waste into the dissolved air flotation unit. 
To meet the new effluent requirements for the wastewater, the zinc 
level had to be reduced from 5-10 mg/l to 0.35 mg/l. This reduction was 
planned to be accomplished with a solids contact clarifier, with chemical 
floculation. The clarifier was followed by an upflow sand filter. The sand 
filter was added, because of the tight regulatory time frame, to assure adequate 
zinc removal. Upon installation and checkout of the system it was determined 
that the sand filter was not needed to meet effluent requirements. The 
removal of the upflow sand filter helped to reduce the complexity of the 
system and served to reduce the amount of solid wastes requiring disposal. The 
new system flowsheet is shown in Figure 2. 
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Figure 2 Schematic of Improved Zinc Removal System [4]. 
Reuse of Composites 
Foster-Miller has developed a process to produce engineered building 
materials from waste materials. The Foster-Miller process combines comingled 
plastics from municipal wastes with fiber filled composites from the aerospace 
industry to produce construction materials. They report that their material 
has the potential of matching the mechanical properties of wood and to be 
competitive in cost on a life-cycle basis [S]. 
The product consists of plastic wastes (largely high density 
polyethylene), fiber filled composites, and resin. The material has exceptional 
low temperature properties that make it suitable for low temperature 
structural applications. Foster-Miller believes that the products material 
properties can be tailored to specific applications by optimizing the fiber 
orientation and length. Some proposed applications are as structural 
members, siding, and decking. 
Conclusion & Recommendations 
The Foster-Miller process, to use waste composites, could provide 
immediate benefits in the aerospace industry. The reuse of the composites will 
eliminate the costs associated with their disposal while possibly recouping 
some of the production costs. The two wastewater treatment processes 
presented can be adapted for SRM case production and refurbishment 
facilities. The automobile industry has many more applications that are 
applicable to SRM production than are reviewed in this paper. Technology 
such as reduction in solvents used in paint formulations and new finish 
application technologies are both applicable to SRM production. 
This paper is a small sampling of the wealth of innovative technology 
in the commercial sector that could be applied to the aerospace industry. 
There are many ongoing efforts within the aerospace industry to reduce or 
eliminate waste. These efforts are generally shared among the various 
producers of hardware. There is also a great deal of emphasis placed on 
finding commercial applications for the technology being developed in 
aerospace. However, it should be remembered that there is a tremendous - - 
amount of high quality technology developed in the commercial sector that 
can find application within the aerospace industry. Using a synergistic 
approach to handling production effluents offers the best chance at 
preserving the environment at the least cost. 
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ABSTRACT 
Since United States of America federal 
legislation has required ozone depleting chemicals 
(class I & 11) to be banned from production, The 
National Aeronautics and Spa% Administration 
(NASA) and industry have been required to find other 
chemicals and methods to replace these target 
chemicals. This project was initiated as a 
development of a prioritimion methodology suitable 
f a  assessing and ranking existing processes for 
replacement "urgency." 
The methodology was produced in the form 
of a workbook (NASA Technical Paper 3421). The 
final workbook contains two tools, one for evaluation 
and one for prioritization. The two tools are 
interconnected in that they were developed from one 
cenaal theme - chemical replacement due to imposed 
laws and regulations. This workbook provides 
matrices, detailed explanations of how to use them, 
and a detailed methodology for prioritization of 
replacement technology. The main objective is to 
provide a GUIDELINE to help direct the research for 
replacement technology. 
The approach for prioritization called for a . 
system which would result in a numerical rating for 
the chemicals and processes being assessed. A 
Quality Function Deployment (QFD) technique was 
used in order to determine numerical values which 
would cormpond to the concerns raised and theiu 
respective importance to the process. This workbook 
defines the approach and the application of the QFD 
matrix. 
This technique: 
1. provides a standard database for 
technology that can be easily reviewed, 
2. provides a standard format for information 
when requesting r e s o m  for further research for 
chemical replacement technology. 
Originally, this workbook was to be used for 
Class I and Class I1 chemicals, but it was specifically 
designed to be flexible enough to be used for any 
chemical used in a process (if the chemical and/or 
process needs to be replaced). 
The methodology consists of comparison 
matrices (and the smaller comparison components) 
which allow replacement technology to be 
quantitatively compared in several categories. and a 
QFD matrix which allows process/chemical pairs to 
be rated against one another for importance (using 
consistent categories). Depending on the need far 
application, one can choose the part(s) needed a have 
the methodology completed in its entirety. For 
example, if a program needs to show the risk of 
changing a process/chemical one may choose to use 
part of Matrix A and Mamx C. If a chemical is 
being used, and the process must be changed; one 
might use the Process Concerns part of Matrix D for 
the existing process and all possible replacement 
processes. If an overall analysisof a program is 
needed, one may request the QFD to be completed. 
INTRODUCTION 
This methodology serves to defme a system 
for effective prioritization of efforts required to 
develop replacement technologies mandated by 
imposed and forecast legislation. The methodology 
used is a semiquantitative approach derived fm 
quality function deployment techniques (QFD 
&trix). QFD is a conceptual map that provides a 
method of transforming customer wants and needs 
into quantitative engineering terms. ?his 
methodology aims to weight the full environmental, 
cost, safety, reliability, and programmatic 
implications of replacement technology development 
to allow appropriate identification of viable candidates 
and programmatic alternatives. 
EXPLANATION OF MATRICES 
Matrix A 
Matrix A is a "chemical and use" matrix. 
The objective of this matrix is to defme the target 
chemicals by the part and process in which they are 
used (the how and where the targeted chemicals are 
used). 'Ihis matrix has some "bookkeeping" areas to 
help in tracking the particular chemicaVpar t /p~  
combination in other matrices. Parts of Matrix A 
will be used in all matrices. Each component of 
Matrix A may not need to be fded out. The 
following is an explanation of the requested 
information for this matrix. 
the target chema'cal 
The Class I ar Clasn XI chemical which has 
to be eliminated due to regulation should be put in 
this column. Any other chemical which needs 
evaluation for replacement could also be put in this 
column. It should be noted that some materials may 
contain several "targetn chemicals. Those materials 
which have several chemicals should be grouped for 
identification purposes. This information will be 
necessary for subsequent M c e s .  
a chemical registry # 
This is the standard number ( as might be 
found on a Material Safety Data Sheet (MSDS)) for 
the chemical. This is requested so that actual values 
necessary for evaluation can be found. 
a chemical reference # 
This a bockkeeping number. It is assigned 
by the person fiiling out the chart. It is recommended 
that for every chemical the number is consistent (i.e. 
for all uses of TCA the number is 1, for a11 uses of 
CFC113 the number is 2, etc.). This number will be 
used throughout the rest of the matrices in the "chem 
#" column. 
merial 
This is the material that the chemical is in, 
identifed for the specific process. This is a reference 
to assist &fming the pmesses and parts. Generally 
this will be the manufacturing or common name. 
the process in which the chemical is used 
This is the current process for which the 
chemical is being used. This process is dependent on 
the part, surface, etc. that will be affected. The 
process will be necessary for subsequent matrices. 
a description of the part/componentlmbsystenr 
which i s  being processed - 
The padcomponent/ subsystem that will be 
processed will be completed in this part of the matrix. 
a refeeme nwnber for the specjfied 
part/component/subsystem 
This is a number assigned to the 
part/component/suhsystem that will be processed. 
?his number can be manufacturer specific as long as 
it can be referenced to the FMEA (NASA specific risk 
assessment). This number will be used in Matrix C - 
Risk Assessment and possibly in Matrix D for 
specifications of surface r e q d e n t s .  
the swfae being conrideted 
After the part has been defined, a surfiux m 
the part may need to be specified to better defm the 
process~requiremen~ 
process # (Rejkence) 
This is the bookkeeping num@r for the 
process. It &odd be defined by the ckmicat, the 
material, the patt (or group of parts), and the surface. 
The process (reference) # #Id be &fined such that 
there will be no confusion between processes. Again 
this reference will be used in the other matrices for 
mcking purposes. 
Figure 1 
a mam&acnuing process-nwnber 
'Ibis is-another refe~nce point for the 
matrix. The manufacturing process number allows a 
check on the stage of manufacturing in which this 
particular process is being done. Again this is an 
optional part of the matrix. It would be defined as a 
number (i.e. if it is the second p m s s  - it is 2). 
the nwnber b d a ~ ~ v r ~ ~ 8  pracessm 
This is the total number of processes a part 
goes through as defined by the part specifications (for 
a refwbiied part and for a non-mewable part) 
the pounds of chemical used in the process (for the 
spe@dpart)peryea 
This category is strictly for informational 
purposes. It provides a prospective of the amount of 
the targeted chemicals used. 
A blank Matfix A is included in Appendix A. 
Matrix B 
The technical maturity of the chemicals and 
processes are evaluated in Matrix B. The existing 
chemical/process from Matrix A and the 
developmental chemid&oms are evaluated 
according to the number of parts to be processed (in 
the program life) and the testing which has been 
performed on the chemical, process, and processed 
parts. This mahix mightbe sent p the- 
environmental, rekearch and developrirenf or- 
manufacturing gmup for completion. This matrix 
was designed to accommodate the existing pmcess and 
the possible replacement processes, but it can also be 
used specifically for comparison and evaluation of 
possible replacement chemicals. The matrix is 
broken into sections which ask for the identification 
of the chemical and process along with the 
cmeqmdhg reference numbers for each. 
The reference numbers for the existing 
chemical/process were defined in Matrix A; these 
same numbers should be used for the 
chemical/process in Matrix B. For each existing 
chemicaVp- there should be a chemical/p.ocess 
replacement. For each "replacementn chemical a 
number should be assigned to correspond with the 
chemical it is replacing. 
A space is provided to identify the existing 
(old) technology and the possible replacement 
technology (new). 
The next item to be completed is "Years of 
Existence." This is the number of years the 
c h e m i c a V p ~  has been available for commercial 
p h a s e .  
Subsequent items deal with chemical, 
material, and process testing. In an effort to provide 
for every type of test, the "type tests" are very general 
in scope. This matrix is not necessarily complete for 
full analysis; it is provided to quantify the extent of 
testing for each chemical/matefial/process. Some 
materials and/or processes may not need a particular 
type (general) of test. For those areas where the test 
information requested is not applicable, note in the 
space that it was considered not necessary by placing 
a check in the corresponding box. 
The following items are requested: 
Toxicity Testing 
New chemicals must pass a series of toxicity 
tests before they are allowed to be used. By 
identifying the toxicity testing which has been 
completed, the new technology can be identified as a 
cost or scheduling conflict before completing the rest 
of the matrices. 
Environmental Testing 
Environmental testing can be used to 
determine if the chemiwrocess is "environmentally 
safe." By identifying if the chemical/process has been 
tested, one can foresee the possibility of future 
environmental regulations. 
that might possibility be needed before the chemical 
can be q U ~ e d  for use. 
Age Sensitivity Testing 
This category includes such areas as shelf- 
life, extensions of shelf life, viscosity changes over 
time, age sensitivity of the chemical while on the 
part, handling, etc. The information requested in this 
category is not restrictive in the nature of type of age 
testing; but when considering the extent of age 
testing for an existing chemical, the same type 
testing should be evaluated for the considered existing 
technology. 
Misc. Testing 
This category includes any other type testing 
required for this chemi~roces s  that cannot be 
included in one of the other categories. Again, the 
same consideration should be taken for testing with 
the existing technology and the replacement 
technology. - 
Parts to be Processed (Program Life) 
The program &sign life for the part and the 
number of expected parts to be produced during that 
time should be entered in this space. This allows for 
judgment of the necessity of finding a replacement 
technology. 
A blank Matrix B is included in Appendix A 
of this report. 
Matrix C 
Matrix C is a risk assessment matrix which 
provides a valuable tool for determination of the 
critical safety and reliability parts and processes. This 
matrix is designed to allow the risk of failure of the 
hardware to perform its function, due to the process 
change, to be calculated numerically. 
The existing targeted chemicals, process, and 
drawing numbers (from Matrix A) and the possible 
replacement chemicals and processes with appropriate 
drawing numbers should be filled in fmt. A space is 
provided to check which is "existing" technology and 
which is "new" technology. 
The FMEA # is requested for reference 
purposes. The FMEA provides a ranking of 
criticality of the part and process which is given a 
"weightn or numerical value. This number will be 
assigned a 1.3, or 9 for Crit 3.2, and 1 respectively. 
Chemical Reactivity Testing 
By identifying the amount of chemical 
reactivity testing that has been done, one can see the 
amount of future necessary chemical reactivity testing 
Figure 2 
The probability of failure value is determined 
by weighting the factor of safety and the type 
inspection(s) performed. The scoring of 6-1 will be 
given to the Inspections in the order listed in the 
legend below the evaluation matrix (6 being Visual 
and 1 being Plug or other hardware specific, 
destructive test). The Safety Factor should be 
inverted and multiplied by the Inspection value to get 
the Probability Value. (See Figure 3.) 
TCA 
chemical Process 
VaporDegrease 1-1-1 
Figure 3 
C1 
- - - -~ 
The risk evaluation (weight) is determined 
by multiplying the probability value by the severity 
value. This matrix might be sent to a risk 
assessment group. 
9 
b ;. P 
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chemical Process w +  
TCA NS VaporDegrease 
Figure 4 
- - - - - - - . . - 
Again, a blank Matrix C is included in Appendix A. 
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K A  
Concerns 
5P 
The following categories are the umcern 
categories which are listed separately in the QFD 
matrix. Each concern category is given a separate 
maaix for simplification and facilitates the use of 
particular parts of the entire workbook The format 
in specifying the c h e m i c m  pairs is the same 
as Matrix B. nK code following each concern is 
Vapor Degrease 
specified by three letten (such as NMH) which are 
d e f d  in the legend below the evaluation matrix 
(None, Minimal, High). The highest score is a 9 
which in this case corresponds to "Nonew. The 
lowest is 1 which corresponds to "Highw. If the 
question is not applicable then place a check mark in 
that box noting it was recognized as unnecessary. If 
the criteria described in the explanation can be 
rewritten to better evaluate the process, then make a 
note of the change in the explanation and use the 
updated criteria for ALL of the c h e r n i ~ ~ ~ c e s s  pairs 
that are to be evaluated. 
Each new process and chemical will be 
"scored" for each concern listed in Matrices D through 
J. Each "score" will be shown as most positive, 
neutral, or negative (or blank for no relation). 
Matrices D through J will also allow the corarns to 
be weighted for importance. These weighted factors 
will need to be considered in the finai mioritization 
9 
calculations. Additional information k h  as risk 
factors for part failure and technical maauity of the 
chemical and process will be used when trade-offs 
become necessary. These data will be evaluated using 
QFD methodology. 
Appendix A includes example M c e s  for 
use as guides in completing the prioritization process. 
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Matrix D 
Matrix D addresses the chemical concerns for 
the existing and replacement technologies. Again 
this can be used alone or as a part of the QFD matrix. 
This matrix should give the user a f m  understanding 
of how the chemical acts or reacts during its shelf life 
or use. An environmental engineering group and/or 
manufacturing should complete this matrix. 
5 
Matrix E 
The process concerns deal with the way that 
a chemical acts or reacts during a process application. 
An environmental engineering group a n d a  
manufacturing should complete this matrix. 
Matrix F 
Matrix F considers the regulatory impacts on 
a chemicaVpmess. When completing this part of the 
matrix, one should consider the known dangers (i.e. 
known phase-out and reduction plans) when rating a 
chemical/pfocess on meeting the laws. The 
regulatory concerns consider how OSHA 
requirements, federal, state, local environmental laws 
and regulations affect chemicals and processes. 
Sections of this matrix might be completed by safety, 
legal, and environmental management personnel. 
Matru G 
The safety concerns are worker exposure, 
spill response, fm fespnse, and explosion response. 
Sections of this matrix might be completed by safety, 
legal, and environmental management personnel. 
Matrix H 
The environmental cancems consider how 
chemicals impact the program environmentally. 
Sections of this matrix might be completed by safety, 
legal, and environmental management personnel. 
Matrix I 
The cost concerns evaluate how cost will 
deviate with the replacement of current technologies. 
This matrix might be completed by the project or 
program o f f i  (or their sup- personnel). 
Matrix J 
The scheduling concems delineate how 
scheduling requirements will be met with respect to 
Environmental Regulations and NASA program 
schedules. This matrix might be completed by the 
project or program office (or their support personnel). 
QFD APPLICATION 
The QFD matrix will be completed by the 
project office or program manager. The basic QFD 
format is shown in Figure 5. 
QFD  orm mat 
Relationships 
Figure 5 
The QFD Matrix is quite easy to understand 
if it is approached one step at a time. In the case of 
the chemical replacement, first list the customer 
(NASA or Contractor) concerns vertically on the left. 
Then list each chemicaI/pcocess, old and new, 
horizontally. The relationship of each concwn to 
each chemicaVproce-ss is then rated on a scale of 1 - 
weak, 3 - medium, and 9 - strong. Next, a weighting 
factor is given to each concern. ?hat is, on a scale of 
1 to 20 in this case, assign a number rating the 
importance of each concern. To gez the overall rating 
of each chemicab'pmxs, multiply the weighting 
factor times the relationship rating for each process to 
concem and sum the total down the page. 
Figure 6 
Example: ChemicaVprocess #1 would have an 
overall rating of (10 * 3) + (15* 1) + (12*9) = 30 + 
15 + 108 = 153. Chemical&ocess #2 would be (10 
* 9) + (15 * 9) + (12 * 1) = 90 + 135 + 12 = 237. 
Chemical /process #3 would be (10 * 1) + (15 * 3) + 
(12 * 9) = 10 + 45 + 108 = 163. This methodology 
would rank #2 as the "better" alternative of the three. 
The "roof at the top of the matrix simply 
shows how strong the chemicals/p.ocesses relate to 
each other. This knowledge can applied when trade 
offs become necessary. In fact, the QFD Matrix can 
include several diffemt entries that could be included 
in tradedf studies. The Chemical Replacement 
Prioritization Methodology applies only a limited use 
'of the QFD capabilities. 
Since this methodology is used as a 
guideline for comparison for replacement technology, 
it should be noted that there are times when a full 
QFD evaluation should not be performed. The times 
that the QFD evaluation is not recommended are: 
when another tool or system is more 
applicable, such as when decision, risk analysis, or 
analytical process models are all that are needed 
there is not enough time or resources to do 
it RIGHT 
critical elements of the process are missing 
(i.e. customer feedback). 
In these cases, one should consider using the most 
relevant matrices to assist in making judgment on 
replacement technology. 
WEIGHTING 
For each type of process, the weighting 
factors will vary (i.e. the weights for precision 
cleaning may differ from those in foam blowing). 
Therefore a QFD weighting application is enclosed as 
Matrix K. This weighting box allows the concerns 
to be weighted against each other. The number in the 
box repments the score of that concern versus each of 
the other concerns. The more important concerns 
should be represented by higher numbers. The matrix 
can be expanded to weight any category or all of the 
concerns together. For each category, the weights 
should be normalized by dividing the weight by the # 
of concerns. A blank weighting worksheet (Matrix 
K) is included in Appendix A. 
SCORING 
Depending on the type of application, the 
scoring will be slightly different If only part of the 
matrix packet is used then the weights should be 
multiplied by the number corresponding to that code. 
The total of these numbers is the "score" for that 
process. If the entire matrix packet is to be used as a 
QFD exercise, then for each of the concern matrices 
@-J) the "score7* should be determined as before by 
multiplying the weight by the number corresponding 
to the code then each concern category should be 
normalized by dividing by the total number of 
concerns in that category. 
Matrix A carries no numerical weight 
Matrix C "scores" should be multiplied by 
100 and added to the total £ram the concerns if using 
the QFD matrix as a prioritization tool or subtracted 
from the total if it is used as a replacement 
technology comparison tool. 
If the matrix packet is to be used as a 
comparison between alternate replacement 
chemicals/processes, then the percentage of testing 
completed as compared to the current technology 
(from Matrix B) should be determined for each 
category of tests. The total of these numbers should 
be added to the accumulated numbers. If the matrix 
packet is to be used to determine the ranking of 
"urgency" then this chart could be used as a reference 
to show the technical maturity of the existing 
technology. This chart does not necessarily need to 
be completed if it is to be used for this type of 
application. 
CONCLUSION 
Prioritization and Determination for 
Selection 
The objective of this work was the 
development of a quantitative procedure for 
determination and ranking of replacement 
technologies and associated issues. The QFD 
matrices are designed to produce a nlrmerical 
"importance" value. If the QFD matrix is completed, 
the final total will be the importance value. The 
higher number corresponds to the "higher priorityw or 
"better selection" chemi- - depending on 
the application. 
Several agencies have requested @es of 
this prioritization methodology workbook in its 
entirety; this includes several NASA offices, NASA 
contractors, Department of the Navy, Army 
~sentat ive~~universi ty  represenkives.~~vate 
consultants, and the US Environmental Protection 
Agency. At this point the feed back has been very 
positive from those that have reviewed the document 
NASA contractors have actively used parts/variations 
of this methodology. Thiokoi has used this method 
to determine the type of cleaner and process to be used 
for cleaning solid rocket motor parts. They also used 
parts of Matrix A and C to rank the importance 
(according to risk) of each _use of the curregt-cleaner. 
Martin Marietta has used parts of this methodology 
for work done in the TPS Materials Research 
Laboratory at Marshall Space Flight Center. Other 
feedback has been less specific, however, this I 
publication has been recommended by the I 
Commonwealth of Virginia Department of 
Environmental Quality and has been made available 
through the technical assistance library in that area. 
MAPnS (Materials and Pn>cesses Technical 
Infonnation System) is a Marshall information 
system containing a working prioritization data base. 
The data base can be found within the NEIS (NASA 
Environmental Information System), which is a part 
of MAPTIS. The data base was designed to be "user 
friendly." It allows the users to select from the 
concerns listed in matrices D through J, or input 
another category and the concerns associated with that 
category. The data base, when told to process, will 
automatically normalize the weights and do all othet 
necessary math calculations to get the overall score 
for each chemid/process pair. The data base will 
also allow the user to printout (on screen or hard 
copy) the individual scores, the category scores, or the 
overall scores for each chemical/process. The only 
matrices not included on this data base are the 
technical maturity and the risk assessment which are 
generally used for trade-off comparison and usually 
need to be done separately for other reasons. 
For questions concerning the Prioritization 
Methodology or to receive a complete copy of this 
publication, contacr 
Dr. Ben Goldberg (205) 544 - 2683 
Wendy Cruit (205) 544 - 1 130 
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Appendix A 
Matrix K -- Weighting Worksheet 
Concerns 
1 = Less Important 
20 = More Important 
NOET - Prioritization for Chemical Replacement 
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NATIONAL CENTER FOR MANUFACTURING SCIENCES 
ENVIRONMENTALLY CONSCIOUS MANUFACTURING 
Clare Vinton 
The purpose of this presentation is to share the results and some of the thinking of the 
Environmentally Conscious Manufacturing - Strategic Initiative Group (ECM-SIG) 
at the National Center for Manufacturing Sciences (NCMS). NCMS is a consortium 
of more than 185 North American Manufacturing organizations comprised of about 75% 
for profit manufacturing companies and about 25% nonprofit organizations that support 
manufacturing activities. NCMS conducts collaborative R&D programs designed to 
improve global competitiveness of its members and other North American manufacturers 
to address common issues that are important to manufacturing industries. NCMS is an 
industry driven organization whose agenda is established by industry with input fiom 
appropriate government agencies. 
The technology programs at NCMS are established in Strategic Initiative Groups (SIGs). 
Each of the SIGs has a Planning Committee that is responsible for the agenda, programs 
and projects for their respective SIG. 
The 6 SIGs are: 
Manufacturing Processes and Materials 
Production Equipment and Systems 
Computer Integrated Operations 
Management Practices 
Environmentally Conscious Manufacturing 
Electronic Manufacturing 
3025 Boardwalk 
Ann Arbor, MI 
48108-3266 
The planning committee for the ECM-SIG is comprised of the following people: 
Mike Leake, Texas Instruments Incorporated, Chair 
Angelo Decrisantis, United Technologies Corporation 
Jan Sekutowski, AT&T 
Abdul Abdul, General Motors Corporation 
Jim Anderson, Ford Motor Company 
Paul Arbesman, Allied Signal 
Phil Brown Eastman Kodak 
Karen Salveta, Digital Equipment Corporation 
Vic Schaefer, Cincinnati Milicron 
Dave Sordi, Tomngton 
Ralph Worden, Kingsbury Corporation 
Dale Denny, National Defense Center for Environmental Excellence 
Steve Lingle, Environmental Protection Agency 
Pete Ritzcovan, Department of Energy 
Gary Vest, Department of Defense 
The programs that the ECM Planning Committee have established and prioritized are: 
1. Life Cycle Design for Environmental Compatibility 
2. Manufacturing Solvents and Their Substitutes 
3. Hazardous Materials Emissions (33150 List) 
4. Environmentally Conscious Manufacturing Packaging Initiatives 
5. Emissions from Surface Finishing Operations 
6. Sensors for Environmentally Conscious Manufacturing Processes 
7. Environmental Practices 
8. Remediation of Industrial Wastes 
9. Waste Minimization/Energy Conservation Practices 
10. Handling and disposal of Metal Working Fluids 
In the past industry has tended to focus environmental activities on compliance related 
issues. Industry needs to become more proactive in the regulatory process to ensure that 
regulations are based on sound science and not just on emotion and political expediency. 
The 70s were the decade that focused on treatment technology by scrutinizing a 
company's gaseous, liquid and solid emissions . The 80s were the decade that included 
the manufacturing process itself by scrutinizing a company's products especially for 
recycability. We are now adding the incoming feedstocks and including the scrutiny of a 
company's raw materials and energy consumption that are used in the manufacturing 
processes. There are some who think it is not enough to eliminate the emissions of 
chemicals that have been officially classified as hazardous, we must also eliminate the use 
of those chemicals. 
Pollution Prevention has the support of the majority of environmentalists, government 
officials, and industry officials and all seem to be committed to the concept. Life Cycle 
Analysis (LCA) is a way of addressing pollution prevention. LCA addresses 
environmental implications for all of the phases in the life of a product, during 
maintenance, use and disposal as well as during manufacture of the product. It is 
important to include full cost accounting in LCA. We need to be sure that we include all 
of the environmental costs into the pricing structure so we are making economic decisions 
not environmental decisions. We should prevent pollution by making it cost more for to 
do the things that are bad and cost less to do things that are good. During the 19th 
century, kids were often poisoned fiom chewing phosphorus matches. When less toxic 
sulfur matches were invented, they cost more and people did not buy them. Congress 
showed wisdom, they taxed phosphorus matches so they cost more than sulfbr matches 
and guess what, people stopped buying phosphorus matches and kids ceased to be 
poisoned as a result of chewing them! 
The increasing human population has caused changes to earth's environment, the 
industrial revolution has accelerated those changes during the last 2 or 3 centuries. 
Sustainable development can be achieved by establishing a "Closed Industrial Ecology". 
This Closed Industrial Ecology must learn to use by-products fiom every industrial 
process for feedstock for other industrial processes. We must find a use for these precious 
resources and stop disposing of them as waste. These conservation activities must include 
energy conservation along with the conservation of other natural resources. We must 
strive in our Pollution Prevention activities toward the implementation of technologies that 
maintain an ecological balance, raise the standard of living in developing countries and 
maintain the quality of life in developed countries. Populution is a human activity that 
must be addressed. 
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Abstract 
"Air Pollution Control System Research - An Iterative Approach to Developing Affordable 
Systems," describes a Strategic Environmental Research and Development Program (SERDP) funded 
project lead jointly by the Marine Corps Multi-Commodity Maintenance Centers, (MC)), and the Air and 
Energy Engineering Research Laboratory (AEERL) of the USEPA. The research focuses on paint booth 
exhaust minimization using recirculation, and on volatile organic compound (VOC) oxidation by the 
modules of a hybrid air pollution control system. The research team is applying bench, pilot and full scale 
systems to accomplish the goals of reduced cost and improved effectiveness of air treatment systems for 
paint booth exhaust. 
Introduction 
The Marine Corps has taken the lead in R&D for air pollution control systems (APCS) for paint 
booths, and cleaningfdegreasing facilities. The Marine Corps Multi-Commodity Maintenance Centers 
(MC)' have teamed with the Air & Energy Engineering Research Lab (AEERL) of the U. S. 
Environmental Protection Agency, and the Applied Research Laboratory at The Pennsylvania State 
University (ARL Pem State) to conduct the R&D. Funding has been secured h m  the Strategic 
Environmeotal R&D Program (SERDP). This paper will describe the roles of the team members, the 
technologies involved, the lab facilities which have been developed, and the iterative approach which is 
being followed in the execution of the research. Potential benefits to the (MC)' depots, lower level Marine 
Corps maintenance activities, other DoD facilities, and to industry will be addressed. 
The technologies which are being researched, separately and in combination, include: Paint booth 
air recirculation; W oxidation of volatile organic compounds (VOC); ownated water treatment of VOCs; 
and carbon bed regeneration. Whenever possible, promising lab results will be quickly duplicated on the 
pilot scale system, and then on the full-scale field system. This iterative approach will allow for rapid 
dissemination of the technology improvements as they are developed. 
Each team member is playing a key role and each stands to benefit from the research effort. ' 5 e  
USMC is purchasing a commercial hybrid APCS and the depot at Barstow, CA will be the first host facility 
for the full-scale elements of the research; the depot will be the first to benefit as the cost and eff&tiveness 
of the system are iteratively improved. AEERL has done significant research on paint bodth recirculation 
(Darvin, 1993), but at smaller scales tban the Barstow depot offers; the program provides the opportunity 
to prove their technology at full scale io a production environment. ARL Penn State has made re-search 
contributions in W oxidation (Heinsohn, 1993) and carbon bed regeneration (Cannon, et al., 1993); this 
program bas enbanced their facilities and is building on their expertise in State College, and is providing 
full-scale applications. 
The goal of the program is to improve and demonstrate a combination of technologies intended 
to make VOC treatmeat both effective and affordable. The U.S. Marine Corps, the other service. and 
industry will each benefit. 
Funding 
The primary funding for the research described in this paper will be provided by the Strategic 
Environmental. Research and Development Program, which states as one of its purposes: "address 
environmental matters of concern to the DoD and the DoE through support for basic and applied research 
and development of technologies that can enhance the capabilities of the departments to meet their 
environmental obligations." The contributions of each of the four participating agencies will also be 
substantial, and will be discussed later in the paper. The research will build on paint booth recirculation 
work accomplished by the Air & Energy Engineering Research Laboratory (AEERL) of the U. S. 
Environmental Protection Agency, much of which has been funded by the U.S. Air Force, and on W 
oxidation research conducted at Penn State which was funded by the Air Emissions Reduction Center 
(AERC), a consortium of pharmaceutical companies. 
Concept of Research 
The research is being accomplished on lab scale, pilot scale, and production air pollution control 
systems (APCS). The production system, to be installed at Marine Corps Logistics Base (MCLB), 
Barstow, CA, will treat the exhaust from three paint booths which will be modified to recirculate a large 
percentage of their exhaust. These recirculation systems are, themselves, a critical element in the overall 
R&D effort. Areas of research relating to the APCS which are thought to hold substantial promise are 
now, and wilf mntinue to be studied on lab scale equipment. Results are being published, presented, and 
made available to the equipment manufacturer who will provide the full scale system to MCLB Barstow 
and the pilot scale system to ARL Pem State. The ongoing research has already resulted in design changes 
relating to UV light selection and spacing and to oxidant generation method. As the acquisition process 
proceeds, research results will continue to impact the configuration and the performance of the APCS. The 
pilot scale system has been delivered well prior to the full scale system, permitting trials of promising 
modifications in time to influence final configuration. Once the Barstow system has been installed, and 
is operating in concert with the paint booth recirculation systems, problems encountered can be investigated 
on all three scales. Additionally, new coating materials and equipment can be tested for treatability and 
functionality before committing them to the production environment. Numerous cycles of R&D, triggered 
at any of the three scales of equipment are expected. Results will continue to be published throughout the 
program, with a goal of improving the cost and performance of systems for both DoD and the private 
sector. The program was designed to provide the most efficient technology transfer possible in a complex 
technical environment. 
The Team Members 
Four organizations are key to the conduct of the program. Each is making substantial 
contributions and each is gaining from participation. The Maintenance Directorate of the Marine Corps 
Multi- Commodity Maintenance Centers (MCY has lead the way in establishing this program. Marine 
Corps funds initiated the program and Marine Corps funds will purchase the full d e  APCS for 
installation at Barstow. MCLB Barstow will be the beta site throughout the program. The 
personnel at Barstow are making the compromises between production and research necessary to assure 
program success. Participation in the program easures that the (Mq paint facilities will remain compliant 
with air quality regulations. Participation plam the Maintenance Directorate in an R&D leadership 
position, assuring them their share of both responsibility and voice among the DoD d e w .  
The AEERL also provided early funding to start the program prior to SERDP funding release. 
AEERL brings substantial paint booth recirculation technology to bear. Mr. Charles H. Darvin, who has 
made mejor contributions to recirculation development, is AEERL's principle investigator on this project. 
Participation ensures continuing development of this important technology, giving AEERL a most 
productive avenue on which to fulfill their mission. AEERL is committed to the technology transfer 
process; they see paint booth recirculation, as well as the APCS development, as excellent candidates. 
ARL Penn State also provided kick-off funding and has assembled a very strong team of 
researchers to advance the work, some of which was ongoing under other programs. New, totally 
dedicated lab space has been provided and appropriately equipped. ARL is growing their expertise during 
the program, and will continue to enhance their laboratory facilities, improving the likelihood of attracting 
additional research funding. 
Terr-Aqua Enviro Systems (TAES) has provided the pilot scale APCS and a wealth of engineering 
experience to accelerate the programs. TAES will gain considerable market place exposure, and has the 
option to take full advantage of research results to improve their systems. While all research results will 
move rapidly to the public domain, TAES will be in a position to react most quickly. The program has, 
with this mechanism, enhanced the likelihood of continuous, m w f u l  technology transfer. 
Each team member will have made a substantial contribution to make this program a success, and 
each stand to gain in proportion to its input. The balance achieved in creating this win-win situation may 
become a model for multi-agency programs in the future. 
The Technologies 
The marriage of paint booth recirculation and a hybrid APCS is driven by cost and by the needs 
of DoD depots to use a variety of coating materials. APCS cost is a direct function of volumetric exhaust 
flowrate, and, within limits, is independent of the concentration of volatile organic compounds in the 
exhaust stream. 
The flow reduction technique defined by recirculation and partitioning is a unique concept that 
modifies the exhaust stream to permit the lowest possible discharge volume. Recirculation/partitioning 
makes air emission control more economically feasible by reducing the exhaust volume that must be 
controlled. A reduction of volumetric exhaust flowrate will result in a corresponding reduction of 
emissions control equipment acquisition and operating cost. 
The concept of air recirculation is used in a number of applications particularly in paint baking 
ovens @amin, 1993). However, the technique of flow partitioning is a new booth design concept which 
when demonstrated in an operating booth will eliminate the concern of recirculating booth air to a manned 
spray booth. This issue is unique to the OSHA requirements for manned spray booth operation which 
defines the level of air flow and pollutant concentration within a booth. The present operating codes have 
prevented the use of flow reduction schemes in booths which could reduce emissions control cost for spray 
painting operations. Recirculation and partitioning will allow compliance with the air flow requirements 
within the booth while achieving a 50 percent and greater reduction 'in bodh exhaust flow rate. (See 
Figure 1). 
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The TAES APCS 
The TAES APCS which will be installed at MCLB Barstow (and pilot scale at ARL Pem State) 
uses a self-contained, self-regenerative multi-stage process. The design captures and oxidizes a broad range 
of Volatile Organic Compounds (VOCs), including chlorinated and halogenated VOCs. The APCS will 
reduce VOC emissions in exhaust air stteams from paint spray booths, ovens, mixing rooms, c o n f o r d  
coating operations, solvent cleaning and paint removal facilities to below air quality regulation levels while 
producing no secondary hazardous pollutants. 
The APCS consists of the following stages: 
A collection system whicb will capture and deliver the contaminated air stream to the 
APCS. 
Pre-filters and secondary filters which remove any airborne particulates which are 
entrained in the air stream down to approximately one micron. Typical high efficiency 
particulate arrestor (HEPA) filters are used for this. 
Photolytic-Reactors which initiate photo dissociation and radical oxidation processes. 
(This device houses special UV lights to initiate oxidation of VOCs). 
a Mist Air Dispersion Unit which will "wet" the air stream. This is done so that any sub- 
micron particulate has the opportunity to go into aqueous phase. 
An Aqua-Reactor which is a counter flow packed bed scrubber with highly oxidant rich 
water circulating throughout. 
Carbon Beds which capture and treat remaining VOCs are the final step in the treatment 
train. These carbon beds are regenerated with oxidants for onsite destruction of the 
VOCS. 
The Research 
While not necessarily separated in the execution, the research is most clearly described in four 
areas: Recirculation/Partitioning; W-Radical Oxidation; Carbon Bed Regeneration; and Miscellaneous. 
The recirculationlpartitioning portion of the program includes studies to develop, demonstrate and 
evaluate the emission flow reduction potential of the concept while remaining within the criteria established 
by OSHA and consensus code organizations. Specific research is being conducted to: (a) define the level 
of pollutant buildup in the recirculating air stream; (b) to develop booth design, modification specifications, 
and models; (c) define control cost projections based on flow reduction potential; and (d) predict resulting 
energy requirements to control the modified booth. The diagram of the recirculation partitioned spray 
booth concept is represented in Figure 1. 
Past EPA studies suggest that pollutants in a horizontal flow spray booth are divided into two 
concentration regions in which the lower region of the booth exhibits an average concentration for all 
pollutant species greater than in the upper region of the booth. The result is that the greatest portion of 
the pollutant generated during painting remains in the lower level of the booth. Based on this finding, 
separate exhaust streams might be directed fiom the two regions of the booth: one a pollutant-rich lower 
stream directed to a control system and the second, a lean upper stream recirculated to the spray booth. 
Booth pollutant concentration analysis and booth flow modeling studies are required to evaluate 
and validate the potential of the recirculationlprutitioning concept for Marine Corps painting facilities. The 
results of these studies confirm the capability of the design concept to remain within the booth concentration 
limits established by OSHA and other consensus organizations. Specific analysis of metals, isocyanates 
and total organic volatiles is being conducted. Both pre- and post-booth modification studies will be 
completed during more than 100 individual experiments completed during each stage of the program. Each 
experiment will give data points that indicate how and where pollutants accumulate within the flow pattems 
of the test booths. Modeling of the concentration zones for various pollutants and the flow patterns within 
the test booths and under varying painting scenarios will be completed. These data and resulting models 
will allow development of criteria for booth design, modification and operation. 
W-Radical Oxidation 
The W-radical oxidation system manufactured by Terra-Aqua Enviro Systems'flAES) has k e n  
permitted and in operation for several years in the South Cuast Air District of California. This district is 
known to have the most stringent air emissions standards in the U.S. The W-radical oxidation system 
has rapid tmsient characteristics, but little has been published describing the chemical reactions that occur 
in each component and how the chemical kinetics is coupled with the velocity field in the reactor 
(Heinsohn, 1993). Thus, it is not known what percent destruction occurs in each of the TAES components, 
or perhaps whether one of the system components can be eliminated. 
This area of the m a r c h  will focus on the photolytic reactor wmponent of the W-radical 
oxidation system. The mearch will: 
a Determine the destruction efficiency and exhaust products for a variety of military 
watings; and 
a Describe how W-radical oxidation pmmses destroy VOCs and h d o u s  air pollutants 
(HAPS) so that the system's performance can be improved and its wst and size reduced. 
Carbon Bed Regeneration 
The Ten-Aqw system employs carbon beds as the final step in the treatment train. Granular 
activated carbon (GAC) adsorption of VOCs has been documented (Cannon, et al., 1993), and GAC 
adsorption offers a best available technology for capturing VOCs and HAPS. While in service, the GAC 
will eventually become exhausted (spent) in its capacity to adsorb organic compounds, at which point it can 
either be regenerated and reused, or landfilled and replaced. 
The TAES system employs frequent cycles of VOC loading onto GAC followed by in-situ oxidant 
regeneration. The frequent cycling precludes the buildup of VOCs on GAC to levels that cause the effluent 
VOC concentration to exceed standards. The GAC thus serves as a collector for VOCs, which facilitates 
the necessarily long reaction times for oxidation of the retained VOCs. Thus, although typical air residence 
times through the activated carbon system may be measured in seconds, the VOC retention and destruction 
time on the activated carbon surface may be measured in hours. VOCs and HAPS are not the only organic 
materials affected by oxidation, however: the activated carbon surface itself may also become oxidized, 
which could potentially cause either favorable or detrimental effects. The intent of the research is to 
develop the fundamental science that characterizes regeneration so that the process can be enhanced. The 
technical objectives of this research orea are: 
a Determine the extent to which oxidants regenerate an activated carbon that has become 
loaded with volatile organic compounds. 
a Determine whether this oxidation adversely or favorable alters the adsorptive properties 
and pore structure of activated carbon. 
a Monitor the influence of several variables on regeneration effectiveness, including 
regeneration times, oxidant intensity and spacing, temperature, and nature of VOCs that 
have been adsorbed. 
a Provide fundamental insight on techniques for enhancing the oxidation method of 
regenerating GAC. 
This is by no means the least important area of the research. As experience is gained on lab scale, 
pilot scale, and ultimately the production APCS, promising areas of research, offering rapid andlor high 
return on research effort will become apparent. These opportunities, plus the investigation of problems 
effecting production at MCLB Barstow, will receive rapid response. Early candidates which may well get 
considerable attention are: 
The effect of metals contained in various coating materials on the treatment process and 
disposition of these metals during the process. 
The effects of water temperature and pH on the performance of the aqua reactor. 
Issues 
Treatment VS. Pollution Prevention 
Both President Clinton and Ms. Browner, the Administrator of the USEPA, have issued policy 
statements which emphasize pollution prevention by source reduction and deemphasize the treatment and 
control approaches to reducing pollution, This research focuses on treatment. The justification is simply 
that: 
The military is years away from converting entirely to low or zero solvent based coating 
materials; and 
Other processes and industries can benefit substantially from the research. 
All DoD facilities which paint must soon determine how they will cope with increasing regulatory 
pressure. Those facilities which are in non-attainment areas must react immediately. This research will 
serve those needs. 
Competition vs. Technology Transfer 
The procurement process sometimes moves at speeds which are not only non-responsive to the 
needs of their customers, but the process frequently insures that the equipment installed is not of the latest 
technology. In order to ensure that the research is conducted on current technology, and that at least one 
private supplier of APCS equipment will convert research results to available product, TAES has been 
included as an active participant in the research. Great care will be taken to ensure that research results 
which belong in the public domain are made available in a timely manner. 
Summary and Goals 
A unique and very capable team has been assembled to execute promising research. The marriage 
of paint booth recirculation technology to a hybrid ultra violet-radical oxidation air pollution control system 
(APCS) offers promise for an affordable system which will accommodate a wide range of coating 
materials. The ultimate goals of the re-search are to bring the cost of paint booth1APCS systems down and 
their effectiveness up. Success will bring costs within reach of DoD maintenance activities below the depot 
level, as well as, small and medium businesses which badly need such technologies. 
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ABSTRACT 
The Electronics Manufacturing Productivity Facility (EMPF) is a U.S. Navy Center of Excellence 
tasked to do research in electronics manufacturing. For the past seven years, the EMPF has performed extensive 
research in various cleaning materials and processes that have recently been made available to printed circuit 
board assemblers. This paper outlines our research and points out the positive and negative aspects that need to 
be considered when choosing an alternative process. 
The search to find suitable alternatives to chlorofluorocarbon-based (CFq cleaning solvents is coming 
to an end. That does not mean the issues are any clearer, nor does it mean the decisions are any easier. It means 
that we are out of time and a decision, right or wrong, has to be made. 
The Electronics Manufacturing Productivity Facility (EMPF), located in Indianapolis, Indiana, is a Navy 
Center of Excellence tasked to do research in electronics manufacturing. Information learned in our research is 
disseminated to the electronics manufacturing industry via final reports, technical articles, seminars, and 
workshops. Part of our charter is to give telephone consulting to those who have problems in specific areas of 
their assembly process. Many of the telephone inquiries that I have received lately usually begin, "I heard that 
CFC's are being phased out. Is this true?" Or, "My boss told me to get rid of our CFC's. What other solvent 
can I put in my vapor degreaser?" "I heard CFC's are being phased out, but I'm just going to have to get a 
waiver because I still need to clean." There was one caller who proudly stated "I don't know what all the fuss 
is to get rid of CFC's. I found a soIvent that works just fine. Trichloroethane!" It was hard to tell him that he 
had jumped off a sinking ship into a life raft with a big hole in it. 
For those who are still unsure of the situation, here it is in a nutshell. Scientists have claimed that CFC 
molecules are depleting the Earth's protective ozone layer. In 1987, the Montreal Protocol was signed, calling 
for a gradual global reduction of all production of CFC's by the year 2000. President Bush accelerated the 
reduction to include a complete phaseout in the United States by 1995. Shortly after that, the Copenhagen 
amendment adopted that same phaseout for the rest of the world. DuPont, the world's largest producer of CFC's, 
has announced it will stop aII Class I CFC production by the end of 1994. In an effort to dissuade manufacturers 
from using CFC's, the Clean Air Act established a labeling law effective May 15,1993 requiring products made 
with, or containing, Class I or Class II CFC's be labeled as such. As an added burden, annual tax increases 
imposed by the federal government are driving the cost of CFC's higher each year. 
If you are one of many who are thinking, ''No problem - I  still have two years," there is more. Consider 
that even if you had complete control of your budget with unlimited financial resources and were able to order 
equipment today, you should not expect delivery for 6 to 12 months depending on how many other orders were 
taken that day. Add to that the acquisition of water treatment systems (both before and after the cleaning 
process), an air treatment system, installation, process development and training. All of a sudden two years does 
not seem that long. 
Before any of this can happen, of course, you must select from the many cleaning chemistries and 
alternate fluxinglsoldering processes that are available. You could call various vendors and listen 
to their sales pitches, or sift through junk mail and look for the advertisements with water falls, 
green grass, sunshine, smiling birds, orange trees and the all too familiar universal symbol for 
"contains no CFC's". Selecting a substitute that is right for your process is a job in itself and you 
can't take shortcuts by looking at your neighbor's house to see what they're using. What's right @ 
for their process may or may not be right for yours. The cleaning efficiency of a solvent will depend on variables 
such as flux type, board design, density, component types, throughput, cleaning machine, time, spray nozzle 
configurations and pressures, to name a few. In addition, environmental laws vary from state-to-state and even 
between localities within the same state. 
CFC ALTERNATIVE TESTING 
The EMPF, along with the Institute for Interconnecting and Packaging of Electronic Circuits (PC), has 
tested 15 commercially available solvents to date (see table) for use with rosin-based fluxes. Although these 
solvents have passed a very carefully controlled test, the "best" solvent or even "possible" solvent will vary with 
your process. You may use this Iist as a starting point, select a few possibilities, and see what works best for you. 
In addition to decidmg what works best from a cleaning standpoint, there are other concerns that must 
be considered. Material compatibility examines how these cleaning materials will react to materials on your 
product such as part markings, solder mask, laminates and some components. Industrial hygiene and safety 
addresses odor, flammability, and exposure limits. From an environmental standpoint, is the waste treated as 
hazardous material or can the solvent be easily treated to drain, recycled or even close-looped? Finally, the cost 
associated with the new process needs to be considered. Equipment costs, material costs, operational costs, 
maintenance costs, engineering, labor and training costs. There are also costs associated with support equipment 
for water, air and waste management. 
PHASE 2 APPROVED CFC ALTERNATIVE CLEANING MATERIALS 
as of June 1,1994 
Allied Signal Genesolv 2004 Mike Ruckriegel (201) 455-6751 
Alpha Metals 21 10 John Stevenson (201) 434-6778 
British Petroleum Prozone Dave Dodgen (214) 238-1224 
Bush Boake Allen Solvent E212 Richard Lamp (904) 783-21 80 
Church & Dwight Armakleen E-2000 Frank Cala (609) 683-7068 
Dr. O.K. Wack Chemi Zestron Karsten Lessmann 01 1 49 641-6350 (Germany) 
DuPont Axarel32 Rich Stewart - (91 9) 248-5048 
DuPont Axarel38 Rich Stewart (91 9) 248-5048 
ECD EmulsonatorlDuPont Axarel 36 Steve Glass (503) 659-61 00 
Exxon Actrel ED1 1 & Actrel ES Jim Schreiner (71 3) 425-21 15 
Envirosolv KNI-2000 Steve McCane (904) 724-1 990 
Hughes RADS Rick George (31 0) 676-6085 
ISP Micropure CDF Jim Butler (201) 628-3345 
Kyzen lonox MC Kyle Doyel (800) 845-5524 
Petroferm Bioact EC7 Craig Hood (904) 261-8286 
Petroferm Bioact EC7R Craig Hood (904) 261-8286 
Petroferm Bioact EC-Ultra Craig Hood (904) 26 1-8286 
In addition to the solvents listed, other cleaning processes are either in process or being 
planned for the near future. 
CLEANING WITH ULTRASONIC ENERGY 
Using ultrasonic energy to satisfactorily clean tough situations or improve a less-aggressive solvent's 
cleaning ability may also be an option. Historically, the military has been against the use of ultrasonics because 
of some studies performed in the 1950's that showed ultrasonic frequencies were causing fragile wire 
interconnects between the die and the terminal of microelectronic devices to vibrate enough to fatigue and 
eventually break. The military has recently changed its stand; however, and the latest revisions to some military 
specifications now state: 
"Ultrasonic cleaning is permissible on electronic assemblies with electrical components, 
provided the contractor has documentation available for review showing that the use of 
ultrasonics does not damage the mechanical or electrical performance of the product or 
components being cleaned." 
This change of heart by the military is due to more recent studies conducted by the EMPF and other research 
laboratories that have given us a better understanding of ultrasonics. At the same time, newer wire bonding 
techniques have provided a more robust component which is more able to withstand the harsh vibrations of 
ultrasonic energy. This is not to say ultrasonics is 100% safe. Under proper conditions, ultrasonics can be a 
useful tool, but fatigue is a part of life with ultrasonics and some components under certain applications will fail. 
"Test clean" a safe sample of your product in ultrasonics before you invest a large quantity of time or money. 
WATER SOLUBLE JXUXES 
Another option may be to eliminate rosin-based fluxes all together and use a water soluble flux (WSF). 
WSF can be cleaned either by using water alone, or water with a detergentlsaponifier. WSFs will typically 
provide excellent solderability and enlarge the soldering process window. The reason they provide such good 
solderability is because of their corrosivity; however, these corrosive properties can cause problems if cleaning 
is not properly performed. If a WSF were to get trapped in an area, such as under a tightly spaced component, 
inside an unsealed component, or up under the insulation of a stranded wire, a failure is likely to occur. Many 
WSFs contain polyethylene glycols and other polyglycols which are nonionic and hygroscopic, meaning they 
will absorb moisture from the air and promote electrochemical migration and degradation of electrical 
performance in the presence of ionic contamination. Since polyglycols are nonionic, they cannot be measured 
in the commonly used resistivity of solvent extract cleanliness tests such as the Omegameterm or Ionographm. 
Recent revisions to military specifications are allowing the use of WSFs (except on stranded wires and unsealed 
components) with certain restrictions being placed on those containing polyglycols. These restrictions are 
currently being reviewed by the Navy. 
NO-CLEAN FLUXES 
If selecting a cleaning process looks tough and you're thinking about taking the easy way out by going 
to a "no-clean" flux, it's not that easy. No-clean does not mean you do not have to clean because there is no 
residue, it means you do not have to clean because the residue is small, and not detrimental to the assembly. No- 
clean fluxes, also known as low solids, or low residue (L.R) fluxes, were formulated to leave a minimum quantity 
of a benign residue. This residue is not conductive or corrosive; however, it may interfere with the adhesion of 
the conformal coating. As in choosing a cleaning material, other issues must be considered when selecting and 
implementing a low residue flux. Material compatibility, environment, industrial hygiene, safety, and cost 
associated with the new process all need to be considered. Flux application is not as simple as it was with the 
good old rosin-based fluxes, and the operator must have an intimate knowledge of his soldering process. On the 
positive side, the military recognizes the potential for using LR fluxes for a broad range of soldering applications, 
including soldering of stranded wires and unsealed components. The potential of LR fluxes is reflected in the 
most recent revisions to military specifications. 
In contrast with the WSFs, LR fluxes are not very aggressive, therefore they create a smaller soldering 
process window. 'Ihis window can be enlarged by using an inert atmosphere such as nitrogen to reduce oxidation 
of the base metals. Another process worth considering which also requires nitrogen, uses a dilute adipic acid to 
precondition the board. The actual soldering takes place in a sealed chamber filled with an inert atmosphere of 
nitrogen and formic acid. When exposed to the high temperatures associated with wave soldering, the adipic acid 
evaporates and the formic acid converts to carbon dioxide and water. Only a small amount of noncorrosive 
residue is left on the assembly. 
Manufacturers who are going to LR fluxes must think no-clean process from incoming component and 
board cleanliness levels throughout all stages of handling, processing and shipping. Implementing a no-clean 
process is not as simple as changing the flux and rolling the vapor degreaser out into the back alley for the trash 
collector. Unfortunately, flux is not the only source of contamination. There are several very ionic, very 
corrosive materials that are used in the manufacturing of bare boards. An assembler must verify that the bare 
boards, along with components and other parts to be used on the assembly, are clean upon receiving, then 
maintain that level of cleanliness throughout the assembly process. Ionic and nonionic residues come from many 
sources and preventing this contamination from coming into contact with the assembly is hard. Even a bare 
board that was verified to be clean upon arrival at the assembly facility may still leach ionic materials when 
exposed to elevated temperatures. Parts are sometimes stored for months at a time in a clean(?) storage area 
awaiting subsequent operations. Boards are handled and moved from station to station for component insertion 
and soldering. The cleanliness level of the parts is only as clean as the people handling them, and many people 
do not realize that not all gloves are free of ionic residue. If the gloves are free of ionic residue, do assemblers 
contaminate the outside of the gloves when removing them from the bag or when putting them on? Will an 
assembler use the gloved hand to open a valve, turn an unclean doorknob or satisfy an itch? A no-clean process 
is possible, but it starts from the bare board and continues until the assembly is complete. There are big 
companies, with big research departments, with big dollars, that have spent years developing a reliable LR 
process. 
CONCLUSION 
Choosing and implementing a process that is right for your particular assembly house takes time, and 
you have no time-outs left. CFCs will be phased out by the end of 1995. Acquiring CFCs will be harder and 
more expensive by the end of 1994, and the labeling law is currently in effect. 
Will you use rosin-based, water soluble, or low solids flux? 
Will you solder in air or nitrogen? 
Which solvent is best? 
Which machine is best? 
Which process is best, aqueous or semi-aqueous? Batch or in-line? 
Should you use ultrasonic energy? 
Will you recycle, treat or close-loop your effluent? 
Will you clean or is no-clean the ultimate solution? 
A decision has to be made because the search to find suitable alternatives to CFC-based cleaning solvents is 
coming to an end. 
Phase 2 Approved Commercially Available CFC 
Alternative Cleamihg Materials as of 7/94 
SOLVENTS 
Allied Genesolv 2004 (HCFC) Mike Rucluiegel (201) 455-6751 
* Advanced Vapor Degreasing (AVD) with Petroferm Solvating Agent 24 & 3M PF-5070 Rinse Agent 
Petroferm Solvating Agent 24 Christine Fouts (904) 261-8286 
3M PF-5070 Rinse Agent Wayland Holloway (612) 737-3030 
SEMI-AQUEOUS SOLJENTS 
* Arakawa Pine Alpha ST- 100s Dave Ahlberg (310) 373-0404 
British Petroleum Prozone Dave Dodgen (2 14) 238- 1224 
Bush Boake Allen E-212 
Dr. O.K. Wack Zestron FA 
ECD Emulsonator/DuPont Axarel36 
Envirosolv KNI-2000 
Exxon Actrel ED 1 1 & Actrel ES 
ISP Micropure CDF 
Kyzen Ionox MC 
Petroferm h a r e 1 3 2  
Petroferm h a r e 1 3 8  
Petroferm Bioact EC7 
Petroferm Bioact EC7R 
Petroferm Bioact EC-Ultra 
Richard Lamp 
Karsten Lessmann 
Pat Barrett 
Steve McCane 
Jim Schreiner 
Jim Butler 
Kyle Doyel 
Jim Scott 
Jim Scott 
Craig Hood 
Craig Hood 
Craig Hood 
(904) 783-2 180 
01 1 49 84 1-635-0 (Germany) 
(503) 659-6 100 
(904) 724- 1990 
(713) 425-2115 
(201) 628-3345 
(800) 845-5524 
(904) 261-8286 
(904) 26 1-8286 
(904) 261-8286 
(904) 26 1-8286 
(904) 261-8286 
AQUEOUS SOLVENTS 
Alpha 2 110 Saponifier John Stevenson (201) 434-6778 
Church & Dwight Armakleep E-2001 Frank Cala (609) 683-7068 
Lonco RADS Kevin Grossenbacher (800) 323-9625 
* appmval pending 

Major Weapon System Environmental Life-cycle Cost Estimating for 
Conservation, Cleanup, Compliance and Pollution Prevention (c3p2) 
BY 
Mr. Wesley Harnmond 
Headquarters Air Force Civil Engineer Support Agency 
Directorate of Construction Cost Management 
139 Barnes Drive 
Tyndall AFB, FL 32403-53 19 
Mr. Marland Thurston and -Mr. Christopher Hood 
Delta Research Corporation 
150 1 Merchants Way 
Niceville, FL 32578 
Abstract 
The Titan 1V Space Launch Vehicle Program is one of many major weapon system programs that 
have moddied acquisition plans and operational procedures to meet new, stringent environmental rules 
and regulations. The Environmental Protection Agency (EPA) and the Department of Defense @OD) 
mandate to reduce the use of ozone depleting chemicals (ODCs) is just one of the regulatory changes that 
has affected the program. In the last few years, public environmental awareness, coupled with stricter 
environmental regulations, has created the need for DOD to produce environmental lifecycle cost esti- 
mates (ELCCE) for every major weapon system acquisition program. The environmental impact of the 
weapon system must be assessed and budgeted, considering all costs, from cradle to grave. The O&ce of 
the Secretw of Defense (OSD) has proposed that organizations consider Conservation, Cleanup, Compli- 
ance and Pollution Prevention (c3P) issues associated with each acquisition program to assess life-cycle 
impacts and costs. 
The h r  Force selected the Titan IV system as the pilot program for estimating lifecycle envi- 
ronmental costs. The estimating task required participants to develop an ELCCE methodology, collect 
data to test the methodology and produce a credible cost estimate within the DOD c3p2 definition. The 
estimating methodology included using the Program Office weapon system description and work break- 
down structure together with operational site and manufacturing plant visits to iden* environmental cost 
drivers. The results of the Titan IV ELCCE process are discussed and expanded to demonstrate how they 
can be applied to satisfy any lifecycle environmental cost estimating requirement. 
The requirement to identlfy environmental life-cycle costs during the program acquisition phase 
is rapidly emerging as one of the most significant environmental initiatives of our time. The Department 
of Defense @OD) has wholeheartedly embraced the concept and not only sees it as a rational means of 
safeguarding the environment, but as an effective means of reducing pollution-related costs, sustaining 
military operations and maintaining a "good neighbor" reputation for environmental compliance. 
Environmental compliance and pollution prevention have been mandated by the federal govern- 
ment. Executive Order 12873, October 1993, mandating recycling and pollution prevention, added em- 
phasis to environmental programs already underway. The Federal Facility Compliance Act of 1992 en- 
ables the EPA and the states to use the full range of enforcement tools they have at their disposal against a 
federal facility. All environmental areas, air, water, hazardous waste and solid waste are now addressed 
from the President down to the user level in all manner of reguIations. 
Each environmental Act or Executive Order that affects DOD has the potential of impacting the 
cost of developing, procuring, operating or disposing of a major weapon system. The Department of De- 
fense is actively pursuing methods for evaluating environmental lifecycle cost impacts of major weapon 
systems. Tlus information will then be included as a part of the milestone approval briefings. The major 
PRECm1MG PAGE BLAYdX NOT FSBtF$i% 
objective of this effort is to assure that there are no future environmental funding "surprises", particularly 
for demilitarization and disposal. The acquisition community, in its attempt to put some discipline into 
the process, wants managers to make the "best" environmental decisions and then estimate c3P envi- 
ronmental costs to the end of the life-cycle. The estimating methodology must satisfy current Defense 
Acquisition Board direction yet be easy to modify to incorporate new environmental rules. 
The Air Force Titan IV Space Launch program was selected as the first program for estimating 
lifecycle c3P environmental costs. The Titan IV missile, used by DOD, NASA and other customers to 
launch satellites, is currently undergoing a solid rocket motor upgrade, the reason for the latest review 
cycle. Launches are scheduled through the year 2004 with two options to extend the program: to 2007 
and 2014. The environmental life-cycle cost estimate covered the years 1992 to the end of the program, 
with 1994 as the base year for the estimate. 
The identification of life-cycle environmental issues associated with Conservation, Compliance, 
Cleanup and Pollution Prevention (c3p2) were required in order to gather the accurate data necessary to 
produce an accurate cost estimate. No previous examples were available to use as a model for collecting 
and organizing the data; therefore, a system of data collection, compilation and cost estimating was de- 
vised to meet the requirements. The weapon system life-cycle phases from DOD 5000.4M, Cost Analysis 
Guidance Procedures, were used as the baseline for the lifecycle. These are: 
Research and Development 
Manufacturing 
Maintenance and Logistics 
Operations and Support, including demilitarization and disposal 
Facilities, construction or major modifications 
Personnel and Training 
The Titan IV cost estimate was prepared from documentation provided by the system program 
ofice and data gathered during visits to the operational launch sites and the prime contractor's manufac- 
turing facility Five other major element contractors were interviewed by telephone to determine the ex- 
tent of their compliance, pollution prevention, management and training activities. Data was gathered 
and grouped according to environmental requirements for the program. This enabled the team to stay fo- 
cused on Titan IV c3pZ life-cycle environmental issues. 
There are three basic documents that provide adequate detail to support data gathering and the 
production of an environmental life-cycle cost estimate. These are the operations concept (plan), the 
maintenance concept and the Work Breakdown Structure (WBS). Other documents, such as a detailed 
acquisition plan and test and evaluation plan, provide additional details that improve the estimate. The 
WBS contains all the major elements, components and subcomponents that make up the total system. 
This includes management, documentation, training and facilities in addition to the actual hardware. The 
Operations and Maintenance concepts describe how a weapon system will be employed and maintained. 
Therefore, they provide the data an analystneeds to establish quantities for each WBS element during the 
operational and disposal phases of the life-cycle. 
The next step was to evaluate selected Titan IV WBS elements against the c3P environmental 
categvries to determine if there were any environmental data associated with the individual elements. 
Management, whch was included in the WBS, and risk were added to c3p2 as important environmental 
cost categories. A procedure similar to that shown in Figure 1 was used to collect and roll-up costs for 
components and subcomponents. The sum of all individual costs is the total weapon system environ- 
mental cost. 
Once the methodology was in place, data gathering and cost estimating were straight fonvard and 
followed standard procedures. The findings for each c3p2 environmental category required personnel to 
examine environmental regulations as they applied to the WBS elements and activities; that is, the Clean 
Air Act, Clean Water Act, Federal Facilities Compliance Act, and so forth. The relationships shown in 
Figure 1 were used to simple the data collection process. The methodology or process was developed to 
handle the different types of waste streams associated with manufacturing, operations and demilitarization 
and disposal. A summary for each phase of the life-cycle, Design and Acquisition, Operations and Main- 
tenance and Demilitarization and Disposal is provided below. 
Compliance data for each principal cost area were gathered from operational launch sites and 
major component manufactures. 
Air. Air regulations and procedures impacting Titan IV environmental cost were: New 
Rule Development, Permit Application, Emission Calculations, Negotiations with Regula- 
tory Agencies, Recordkeeping, Title V Operating Permit and Title IT1 Maximum Achievable 
Control Technology. The majority of cost for air compliance was attributed to manpower 
and permits. Some manufacturers were incurring operational costs for air handling equip- 
ment and in limited cases were programming capital outlays for new equipment to meet EPA 
requirements. The cost of replacing ODCs and other toxic chemical cleaners was captured 
under pollution prevention. 
Wastewater. Wastewater activities at the operational locations were instituted to control the 
disposal of deluge water remaining in the launch pad flame bucket after each Titan IV 
launch. At the manufacturing plants, wastewater management was instituted to dispose of 
contaminated water produced in various operations, such as chemical milling, and to man- 
age storm water runoff. Environmental activities included Sample Coordination, Sample 
Analysis, Waste Characterization, Labeling, Waste Minimization Activities, Transportation 
to a Treatment Plant and management recordkeeping operations. 
Solid Waste Management. This was judged an operational cost for Titan IV and no life- 
cycle cost was assessed. 
Hazardous Materials. Hazardous materials management was limited to the personnel re- 
quired to control, inventory and file reports. These costs were included in Management. 
Hazardous Waste Management. Hamrdous waste management included those activities 
associated with generating, treatment, storage, waste minimization, recycling and discharge 
of hazardous waste. Cost drivers were the management time spent reviewing applicable 
regulations, time to review operational processes and identify hazardous waste generation 
sources (inventory), the cost of temporary storage facilities, waste characterization, sampling 
and analysis, labeling, transportation and disposal. The manufacturing facilities incur the 
largest portion of hazardous waste management costs, primarily for disposal. 
Noise. A study to determine the effect of missile launch noise on California marine mam- 
mals was the only noise compliance issue associated with the program and was included in 
the estimate. 
Special Compliance Reporting. Compliance reporting costs were captured in the Man- 
agement Costs. 
Pollution Prevention for Titan IV was being practiced by all organizations involved in the 
program. Recycling and materials substitution programs were in place at all locations queried. In some 
cases, there were significant cost dividends. Costs were not grouped by category for this evaluation as 
shown in figure 1, but rather were associated with the appropriate Titan IV WBS element. One excep- 
tion that was listed separately was a pelletized carbon dioxide degreasing system that was being tested as 
a replacement for a liquid ODC wipe down process. 
Conservation activities have been incIuded as a part of the Titan IV program for many years. 
Costs associated with preservation of the natural habitat, cultural and archeological resources were con- 
solidated with management data. There are approximately two environmental impact studies and envi- 
ronmental assessments performed per year for the program that were documented in the life-cycle esti- 
mate. 
Clean-up, or restoration, is accomplished as required during the operational phase of the life- 
cycle and thoroughly at the end of the program. If pollution prevention and spill control programs have 
been effective, there will be little clean-up required. The Titan IV program was initiated before today's 
strict environmental rules were passed and there are environmental ha;lards that were created earlysn in 
the program that have been, or will have to be, remediated before the program is phased out. Some 
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manufacturers have installed monitoring wells around their facilities to evaluate ground water pollution 
in order to take appropriate action. Lead has been detected near one launch site and may have to be 
cleaned up at the end of the program. The extent of clean-up overall was unknown and estimates were 
not available. As a result, these estimates were incorporated into the "Risk" estimate. 
Management included all of the people activities that could be directly attributed to complying 
with EPA environmental requirements. Environmental test and evaluation was incorporated into this 
cost estimating category along with Planning, Program Management, Program Support and Training. 
Risk was the estimate of the unknown environmental lifecycle requirements. Where impending 
changes were identifiable, such as the Maximum Achievable Control Technology enacted in Title 111 of 
the Clean Air Act Amendment, a reasonable risk estimate could be made. The environmental rules that 
are known to be in work but have not been published yet were harder to estimate. Demilitarization and 
disposal requirements at the end of the program were diff~cult o quantify. If the expectations of the op- 
erations concept are met, all systems will be launched into space. The plans did treat the more hazardous 
elements, such as the solid propellant boosters that may be converted into mining explosive at phase out. 
Based on prior experience, risk was estimated to be between 8 and 12 percent of the total environmental 
cost estimate. 
After the individual WBS element estimates were completed the cost was summarized (rolled-up) 
to produce a single value life-cycle environmental cost estimate for Titan N. The data showed that cost 
drivers for operational launch sites and manufacturing facilities were about the same, the only difference 
being cost magnitude. 
A workshop was convened after the Titan IV environmental lifecycle cost estimate was pub- 
lished to evaluate the methodology that was used and to recommend methods for improving and automat- 
ing the process. The workshop organized the Titan IV methodology and expanded on the data collection 
procedures by defining the components of environmental cost. The conceptual data collection process and 
cost estimating methodology is that presented in Figure 1. Environmental life-cycle costs are impacted 
from the inception of the program as first described in the weapon system requirements document or 
statement of need. When the requirement is approved by OSD and development begins, the need to 
evaluate trade-offs and assess environmental lifecycle cost aIso begins. 
The workshop limited the life-cycle to three phases: acquisition, operation and support and dis- 
posaI and demilitarization. The acquisition phase includes design, development, manufacturing, test and 
evaluation and system delivery. Operations and support includes daily operations and training, logistics 
support and maintenance activities. Demilitarization and disposal are the final steps required to remove 
the weapon system from the Air Force inventory and make all parts safe for disposal or recycling. 
Conclusions drawn from the Titan IV effort are that it is difficult to separate out environmental 
life-cycle costs from other research and development, acquisition and operational costs. Currently the cost 
of environmental compliance is included in the program as a cost of doing business. However, when 
weapon systems are modified, as the Titan IV was, the environmental impact of the change must be 
evaluated. If there are environmental costs added to the program as a result of the change, they must be 
identified and included in the program to assure adequate funding. 
Another result of the Titan IV effort was the recognition that demilitarization and disposal costs 
have not been adequately accounted for in the phase out of prior weapon systems. Environmental compli- 
ance costs associated with demilitarization and disposal must be evaluated separately to submit adequate 
funding requests for this life-cycle phase. Every weapon system will have some final disposition charges 
and recycling paybacks that must be introduced into the life-cycle estimate as early as possible in the life- 
cycle. 
Future development plans will build on the Titan N estimating experience with a technical plan 
and cost guide being developed. These will build on MIL-STD-88 lB, Work Breakdown Structure, incor- 
porate data from aircraft and missile cost handbooks, and use existing models for environmental contain- 
ment costs. Relevant parts of existing environmental cost estimating models will be integrated to build an 
automated cost analysis tool. The design is based on proven model building methodology with easy in- 
corporation of environmental rule and legislative changes. 
The methodology and environmental life-cycle cost estimating procedures used for the Titan IV 
Space Launch system are not specific to DOD weapon systems. It will work for any system that has well 
defined components and goes through life cycle phases. It can be used to assess the environmental cost 
requirements for building and operating automobiles, large equipnlent, commercial airlines and the like. 
When the automated environmental life-cycle cost estimating model is in place, the time required to pro- 
duce an estimate is expected to decrease while the a q a c y  increases. 
Evaluating the Cost Effectiveness of 
Environmental Projects: 
Case Studies in Aerospace and Defense 
by 
Dr. James F. Shunk 
United Technologies Corporation Waterjet Systems, Inc. 
P. 0. Box 070019 Huntsville, AL 35807-7019 
Abstract 
Using the replacement technology of high pressure waterjet decoating 
systems as an example, a simple methodology is presented for developing a cost 
effectiveness model. The model uses a four-step process to formulate an 
economic justification designed for presentation to decision makers as an 
assessment of the value of the replacement technology over conventional 
methods. Three case studies from major U. S. and international airlines are used 
to illustrate the methodology and resulting model. Tax and depreciation impacts 
are also presented as potential additions to the model. 
Introduction (Charts 1 & 2) 
- - 
The purpose of this paper 
is to present a simple 
methodology for constructing 
a cost effectiveness model 
designed to compare, in 
economic terms, the value of 
a potential replacement 
technology with conventional 
methods. The replacement 
technology of high pressure 
waterjet decoating will be 
used as an example because it 
is rapidly gaining acceptance 
as a cost-effective alternative 
to chemical stripping, 
abrasive grit blasting, 
machining, and hand 
sanding. Since the current 
major user of waterjet 
decoating systems is the 
aviation industry, the case 
studies will be drawn from data collected by major airlines. 
1 -PURPOSE 
DEVISE A SIMPLE WETHODOLOQY FOR CONSTRUCTINQ A 
COST-EFFECTIVENESS MODEL TO COMPARE REPLACEMENT 
TECHUOLOQIES WITH CONVENTIOWIL ONES TO ASSESS 
THEIR VALUE FOR DECISION MAKERS. 
HlQH PRESSURE WATERJET DECOATINQ SYSTEMS WILL BE 
USED AS A SPECIFIC. 
2-CONTENTS 
OVERVIEW 
OBJECTIVES 
COST EFFECTIVENESS MODEL 
CASE STUDIES 
ECONOMIC ANALYSIS 
SUMMARY 
Although waterjet decoating systems will be used as the example 
replacement technology, the methodology developed is applicable to any 
situation where a sound, economic basis is needed for comparing two 
technologies capable of performing the same tasks. 
Overview (Chart 3) 
Waterjet coating 
removal system do 
provide a good example 
for cost effectiveness 
modeling because they 
offer an alternative to a 
number of both labor 
intensive and potentially 
environmentally 
hazardous methods now 
in common use in many 
industries. The major 
attractions of waterjet 
decoating are high coating 
removal rates, low 
potential for damage to the substrate material, and environmental safety since 
the only waste products from the process are the coatings removed. A11 
processing water is normally collected, filtered, reclaimed, and reused in the high 
pressure pumps. 
3-OVERVI EW 
Watar)rt coatlng nmovr l  Ir r rapidly mmmdng nlcho rrma 
of wrtorjmt mrchlnlng technology. 
Wakr)rt Systmms Is r technology -In-oH company basad 
on brndor  of w r k r b t  dmcortlng oxport la from NASA. 
HI& p n r u n  watmrbt tachnology Ir an onvIronmontrlly 
ownd aIbrnrtIvm to commntlonal wasto-gnoratlng 
technolo~or of: 
... Qr I tb I rdng 
... Chmmlcrl 1mmordod.trtpplng 
... MachInIng 
... Hand u n d t n g  
Tho only w r r k  produck a n  tho c o r t l n p  nmovod. All 
procmmm water ir ncovond, ncondltlonrd and rwsod. 
Objectives (Chart 4) 
Although the focus of 
this paper is economic 
justification because of 
today's priority on 
enhancing productivity in 
our highly competitive 
global environment, a total 
assessment that includes 
both tangible and 
intangible benefits should 
be presented to decision 
makers as measure of the 
total value of a 
replacement technology. 
4-OBJECTIVES 
THE OBJECTIVES OF THE COST EFFECTIVENESS MODEL 
WlLL BE TWOFOLD: 
1 . A m u  tho vah10 d r nplacomont technology am an 
alkrnatlvo procoma 
2-Proddo r wund. oconomlc b r d r  for brtlfylng to docldon. 
mrkmrm tho crplt.1 funds nrodrd to purrhaso t h m  
nplrcmmont 
THE END RESULT WlLL BE SIMPLE MODEL WITH A 
FRAMEYYORK SUITABLE FOR A WIDE VARIETY OF 
PRO.I€CTS THAT CONTRAST ONE TECHNOLOQY TO 
ANOTHER. 
Cost Effectiveness Model (Chart 5) 
This is the four-step 
methodology used to 
develop a cost-effectiveness 
model. In step one, not all 
the elements listed can 
contribute to the economic 
analysis; however, some 
may be very important in 
assessing the total value of 
the alternative. In the 
aviation industry, for 
example, the intangible 
factor of passenger safety 
can override all economic 
factors in a decision. 
5-COST EFFECTIVENESS MODEL 
ESTABLISH CURRENT METHOD BASELINE: 
.-.co* 
... Turn-tlmm. 
---Material. 
... Intandblma 
DEVELOP POTENTIAL BASELINE FOR NEW METHOD 
USlNQ SAME CRITERIA. 
QUANTIPY DIFFERENCES TO ASSESS VALUE OF NEW 
METHOD OVER CURRENT ONE. 
CONVERT DATA TO MEANINQFUL ANALYSES FOR 
DECISION MAKERS: 
... Payback pmrlod. 
... Rmhmm on Inrmsimmt (ROI). 
... Internal Rate of Return (IRR). 
Step two can be difficult unless data are available on the replacement 
technology. There is danger, for example, in comparing actual data from the 
workplace with "paper data" generated with only cursory testing. The credibility 
of the entire analysis is based on the validity of the data used. 
Step four is the most important, because the results of the model must be 
presented to decision makers in a form they can easily understand. Customarily, 
all such economic analyses use a common measure of economic value - payback 
period, for example - so that one capital investment can be compared to another 
and prioritized to compete for limited capital funds. The process varies from one 
company to another, and may vary for different types of equipment as well. 
Benefits Analysis - Tangible vs. Intangible (Chart 6) 
The compilation of 
tangible and intangible 
benefits is generalized for 
replacement technologies; 
however, some benefits 
6-BENEFITS ANALYSIS - TANGIBLE VS. INTANGIBLE 
lWTAWQlBLE- 
LABOR HOUR (MANPOWERj BETTER COMPANY IMAQE 
SAVINQS 
listed as intangible could be 
quantified and used in the 
economic analysis, if 
needed. For our watejet 
example, it is possible to 
. REDUCED WASTE DISPOSAL B E ~ R  WORKPLACE a 
COSTS COMMUNITY ENVIRONMENT 
MATERUL COSTS PROCESS REPLACEMENT 
oPPoRTuntncosTs REDUCED COMPLUWCE 
DOCUMENTATION 
replace girt blasting booths, 
chemical treatment tanks, and some machining lathes with a single waterjet 
system. The savings in replacing these three systems, therefore, could be 
quantified but the mechanics are complex because of complicating factors such as 
equipment age, removal costs, salvage value, etc. 
On the tangible benefits side, material costs represent the savings in 
processing costs. In our wate jet example, these savings would include the cost 
of grit, chemical replenishment, machining tools, etc. Our case study analysis, 
for simplicity, will focus on labor cost savings. 
Case Study #1- Major U. S. Airline (Chart 7) 
These are representative comparison data from an airline that uses high 
pressure waterjet equipment to process a large variety of jet engine parts. The 
current labor costs are compared with waterjet processing costs to compute the 
per part labor savings as well as the annual hourly savings expected for each 
specific part. 
7-CASE STUDY #I - MAJOR U- S- AIRLINE 
Case Study #2 - Major International Airline (Chart 8) . 
This airline processes a smaller variety of parts, but overall, these parts are 
more labor intensive than in Case #l. 
%-CASE STUDY #2 - MAJOR INTERNATIONAL AIRLINE 
Case Study #3 - Major U. S. Airline (Chart 9) 
Our third airline justified the waterjet investment based on processing only 
inlet fan cases. The environmental concerns associated with the conventional 
method combined with the high labor costs combined to provide the needed 
justification. A variety of other parts are also being processed since the backlog 
of inlet fan cases no longer exists. 
9-CASE STUDY #3 - MAJOR U, S, AIRLINE 
PA IDENT. CURRENT W A m t  r 
@R) (HR) 
[ MISC. PARTS (AVG.) I - - - - I 5 
SAVINGS (HRT 
INLFT FAN CASE 22 2 20 
Economic Analysis - Key Data (Chart 10) 
If the data from the thred I 10-ECONOMIC ANALYSIS KEY DATA 
case studies shown are 
combined with data from I AVERIOE PROCESSIN0 TIME FOR ENQINE PART another airline and two DECOATED USINO HIOH PRESSURE WATERJET: 
engine part manufacturing I 40 MINUTES PER PART plants, the key data shown I 
the anafysis because they I DATA BASED ON WATERJET PROCESSINO OF OVER loo 
here are representative of 
the replacement technology. 
These key data are critical in 
establish- the expected DIFFERENT ENOlNE PARTS FROM FOUR MAJOR AIRLINES I AND P M l T  8 UMlTNEY PUNTS. capacity of the equipment 
AVERAOE UBOR HOUR SAVINQS FOR WATERJET 
DECOATINO COMPARED TO CONVENTIONAL MEANS: 
I 4.8 MA NHOURS PER PART 
and the expected labor I 
savings as a function of the operational use of the equipment. 
Economic Analysis - Manpower Savings (Chart 11) 
- 
These calculaGons are 1-1 1-ECONOMIC ANALYSIS MANPOWER SAVINGS 
necessarv to establish the 
J 
baseline and savings then 
possible with the new 
wate jet equipment. Note 
that although 12 parts per 
shift is the potential 
maximum throughput, 
only 10 parts per shift was 
used to allow for "friction," 
such as part change, 
fixturing, and unexpected 
maintenance. Normal 
preventive maintenance is 
performed on an idle shift. 
CELL AVAllABlLtTY 
..d d r y d w k  ..B w r r k d y r  -..280 d a y e r  operrt lon 
PART CAPACITY 
... 8 hourddry per .hHt 
... 40 mlnlpart  l o r  p r o c e d n g  
..I 2 p r r k l d r y  top capaclty 
... [Use 10 par tddry  to offset h r n d l l n ~ l x h r r i n g  t imr )  
U B O R  SAVINOS SINOLE SHIFT 
... 280 d r y e r r r  rval iabl r  X 10 p r r t d d r y  - 2800 pa-r 
.--2800 p r r t dy r  X 4.8 h n  rrv.cUprrt - 
LABOR SAVINQS DOUBLE SHIFT 
... 280 d r y e r  aval l rb l r  X 20 p r r k l day  = 5200 pa-r 
.. 3200 parhlyr  X 4.8 hwn u v r d l p a r t  - 
The key findings are a labor savings of 25,000 labor hours per year per 
double-shift operation and 12,500 labor hours for single-shift operation. 
Economic Analysis - Payback Period (Chart 12) 
The chart shows a 5-year analysis of the cost factors involved with the new 
waterjet equipment. An original investment of $800,000 is assumed with an 
annual maintenance cost of approximately 5% of the purchase price for both 
parts and labor. An average hourly wate (fully burdened with benefits, etc.) of 
$20 per hour was assumed. This will be varied, since $20 per hour may not be 
representative of other companies. 
12-ECONOMIC ANALYSIS PAYBACK PERIOD 
ASSUMCTIONS: I . DOUBLE-SHIFI'OPERATION 
2 .  MAII IT.COST 5% OF PURCHASE mCE 
3 - TAX IMPlPCTS NOT INCLUDED: 
. DEPRECIATION (+) 
b . SAVINGS ARE TAXnBLE (-1 
The yearly labor savings of $500,000 are reduced each year by maintenance 
costs and, in the initial 2 years, by the cost of the capital equipment itself. For 
this particular labor cost, the equipment is paid for in 18 months of operation 
and, by the end of the 5-year period, has earned $1.5 million. 
To reduce complexity, several factors such as tax impacts are not included. 
Depreciation, for example, would provide a tax benefit for several years. On the 
other hand, the labor savings would accrue to the bottom line and be taxed as 
additional profits. The value of the out-year dollar savings should also be 
reduced by inflation since they will be worth less when finally received. 
Payback Time vs. Wage Rate (Chart 13) 
The two curves shown allow for calculations of the payback period (for single 
and double-shift operation) as a function of burdened labor wage rates. For the 
more typical $35 per hour wage rate in the aerospace/aviation business, a 
waterjet investment could be paid back in less then one year in double-shift 
operations, as shown. 
13-PAYBACK TIME VS WAGE RATE 
UHR 25 --  
(BURDENED) 2O 
15 -. 
10 -. 
5 - -  
0 0  
6 12 18 24 30 38 42 
PAYBACK PERDD (MONTHS) 
Variations for the Purist (Chart 14) 
There are a number of 
complicating factors that can 
be added to the analysis, a 
few of which are listed. Tax 
considerations, for example, 
can work in different ways. 
For tax purposes, the capital 
expenditure can be 
depreciated over a number 
of years to provide a tax 
credit. On the other hand, 
the money saved using the 
equipment increases profits 
which are, in turn, taxed. 
The future value of many can 
also be a consideration, since 
savings received in the outyears will be worth less than those saved in the 
14-VARIATIONS FOR THE PURISTS 
TAX IMPACTS: 
... Depreciation expense. 
... Labor saving. are taxable. 
FUTURE VALUE OF MONEY 
MATERIAL & WASTE DISPOSAL COST 
AVOIDANCE 
OPPORTUNITY COSTS: 
-..Additional capacity. 
... Turn-time reduction- 
... Procow replacement 
current year because of inflation. Opportunity costs can also be significant in 
some cases. In our waterjet example, we were able to save 4.8 man-hours, on 
average, for every part processed. This can translate to additional throughput 
. 
capacity for the facility allowing them to accept third-party work and further - 
increase profits. 
Summary (Chart 15) 
In summary, we have 
described a relatively 
simple methodology for 
developing a cost 
effectiveness analysis that 
can be used to compare a 
replacement technology 
with a conventional one. 
The end result of the work 
is an economic basis for 
justifying the use of a 
replacement technology 
based on tangible benefits. 
To assess the value of the replacement technology requires consideration of 
intangible benefits as well. 
15-SUMMARY 
FRAMEWORK FOR PERFORMINO ELEMENTARY COST 
EFFECTIVENESS ANALYSES IS APPLICABLE TO MOST 
TECHNOLOQY-REPLACEMENT ALTERNATIVES. 
FOUR-STEP PROCESS: 
1 -Establish wnent  procedure baseline. 
2-Develop replacement technology baseline. 
3-Qantliy differences. 
4Comert to meanln-l anafyses. 
METHODOLOQY WILL BE ROBUST ENOUQH TO ALLOW 
FOR ADDITION OF MORE COMPLEX FACTORS. 

THE OAK RIDGE REFRIGERANT MANAGEMENT PROGRAM 
Thomas H. Kevil 
Martin Marietta Energy Systems 
Oak Ridge Y-12 plant* 
P.O. Box 2009 
Oak Ridge, Tennessee 37831-8148 
Abstract 
For many years, chlorofluorocarbons (CFCs) have been used by the Department of Energy's 
(DOE) Oak Ridge Y- 12 Plant in air conditioning and process refrigeration systems. However, Title VI of 
the Clean Air Act Amendments (CAAA) and Executive Order 12843 (Procurement Requirements and 
Policies for Federal Agencies for Ozone Depleting Substances) signed by President Clinton require, as 
policy, that all federal agencies maximize their use of safe, alternate refrigerants and minimize, where 
economically practical, the use of Class 1 refrigerants. Unfortunately, many government facilities and 
industrial plants have no plan or strategy in place to make this changeover, even though their air 
conditioning and process refrigeration equipment may not be sustainable after CFC production ends 
December 3 1, 1995. 
The Y-12 Plant in Oak Ridge, Tennessee, has taken an aggressive approach to complying with the 
CAAA and is working with private industry and other government agencies to solve tough manufacturing 
and application problems associated with CFC and hydrochlorofluorocarbon (HCFC) alternatives. Y-12 
was the first DOE Defense Program (DP) facility to develop a long-range Stratospheric Ozone Protection 
Plan for refrigerant management for compliance with the CAAA. It was also the first DOE DP facility to 
complete detailed engineering studies on retrofitting and replacing all air conditioning and process 
refrigeration equipment to enable operation with alternate refrigerants. The management plan and 
engineering studies are models for use by other government agencies, manufacturing plants, and private 
industry. 
This presentation identifies some of the hidden pitfalls to be encountered in the accelerated phase- 
out schedule of CFCs and explains how to overcome and prevent these problems. In addition, it outlines the 
general issues that must be considered when addressing the phase-out of ozone depleting substances and 
gives some "lessons learned" by Y-12 from its Refrigerant Management Program. Discussion topics 
include requirements for developing a refrigerant management plan and establishing priorities for cost- 
effective compliance with the CAAA, as well as ways in which employees can be empowered to develop a 
comprehensive refrigerant management plan. The result of this employee empowerment was a cooperative 
labor-management effort that is beneficial for Y-12, DOE, and the environment. 
* Managed by Martin Marietta Energy Systems, Inc., for the U.S. Department of Energy under contract 
DE-AC05-840R2 1400. 
Introduction 
For many years chlorofluorocarbons (CFCs) have been used in air conditioning and refrigeration 
systems designed for long-term use. Title VI of the Clean Air Act Amendments (CAAA) provided 
regulations to reduce and prevent damage to the earth's protective ozone layer. In 1987,24 industrial 
countries met in Montreal, Canada, to mandate regulations governing the production of CFCs. They set a 
goal of achieving a 50% reduction of 1986 production levels by the year 2000 (see Fig. 1). In 1990, the 
same countries represented at Montreal met again, declaring a complete CFC phase-out by the year 2000. 
The Clean Air Act was passed by Congress in October 1990, establishing a schedule for U.S. companies to 
comply with the new phase-out dates. The Montreal Protocol and the Clean Air Act were revised in 1992 
because CFCs escaping to the atmosphere were contributing to the destruction of the stratospheric ozone 
layer at an increasing rate. Then-President George Bush mandated an accelerated schedule for the 
production phase-out of all ozone depleting substances by December 3 1, 1995. 
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The U.S. is the largest consumer and producer of CFCs in the world (see Fig. 2). Air conditioning 
and refrigeration account for approximately one-third of the U.S. yearly consumption (see Fig. 3). President 
Bill Clinton has advocated development of "green technologies" and has developed an early phase-out 
schedule for hydrochlorofluorocarbons (HCFCs). In his first State of the Union address in  February 1993, 
the President outlined new environmental technology initiatives to accelerate environmental protection. The 
Senate has recently passed the National Environmental Technology Act, a part of the Administration's 
broad new technology policy outlined in "Technology for America's Economic Growth: A New Direction 
to Build Economic Strength." One of Vice President A1 Gore's Reinventing Government proposals is the 
Clean Industry Initiative to promote the development of environmentally friendly refrigerants. The Vice 
President has also written a book that includes chapters devoted to the cause-and-effect relationship 
between ozone depletion and global warming. 
Flg. 2. Approximate consumption of CFCs by counfry 
and region. 
Flg. 3. estimated UnMed States End Uses of CFCs. 
DuPont, the largest producer of CFCs in the world, will stop production of all CFCs in 1994. 
Halons are scheduled to be phased out by 1994. Production of all other Class 1 CFCs will stop 
December 3 1, 1995. In addition, the Environmental Protection Agency (EPA) proposes reducing the 
production limit of CFCs such that 1995 production can be only 15% of the 1986 level. DuPont had 
planned to stop CFC production in 1994; however, the EPA asked DuPont to continue production of CFC- 
12 through 1995 to supply the automotive market. The cost of converting equipment to non-CFCs is 
staggering, and the cost impact could slow down economic growth in the next 4-5 years if not managed 
properly. Forecasters believe that in 1996 the United States will still have the following equipment running 
on CFCs: 
160 million refrigerators, 
125 million motor vehicle air conditioners (MVACS), 
5 million commercial refrigeration systems, and 
over 58,000 large commercial and industrial chillers. 
This equipment is valued at over $125 billion. The switchover to non-CFC refrigerants must be carefully 
managed to prevent an extra economic burden from falling on individuals, companies, and the entire U.S. 
economy. The EPA estimates the 1996 demand for CFCs will be approximately 48 million pounds; 
however, no supply will be available. Manufacturers have already said they will be unable to meet the near- 
term demand for new units and retrofit equipment or to provide sufficient supplies of CFC alternatives to 
meet the demand. To compound the problem, the alternative refrigerants now being introduced into the 
market are only interim replacements that will also be phased out in the future. 
Conservation measures (recycle and recovery), conversion, and compliance with the CAAA have 
been slow in coming. The EPA, the Air-Conditioning and Refrigeration Institute (ARI), and the American 
Society of Heating, Refrigeration and Air-Conditioning Engineers (ASHRAE) have all issued warnings 
about potential shortfalls of CFCs. A leading refrigerant manufacturer predicts "near chaos" unless more 
equipment owners start planning and engineering before production is halted in 1995. Rising prices, a 
"black market," and cooling outages seem inevitable. One expert forecast that "some equipment owners 
will have stocks of CFCs to see them through, but thousands of building owners, tens of thousands of 
businesses and industrial companies, and millions of homeowners and auto owners will have no stocks of 
CFCs." Chiller manufacturers also warn: "Do nothing and you may soon have a chiller (or air conditioning 
equipment) with no refrigerant." These warnings are ominous and should be taken seriously if we are to 
maintain our current life style and quality of life. In Economics 101, it is taught that a dollar spent today 
will cost less than a dollar spent tomorrow. This axiom is still true, and companies that convert to non-CFC 
alternatives today will not spend as much or be caught in the last-minute panic the experts warn against. 
A misconception exists in government and private industry that choosing an alternative refrigerant 
is a risky proposition. Officials in these areas think that, if they wait long enough, a low-cost "drop-in" 
replacement will be invented to rescue them and make the problem go away. All alternative refrigerants 
have undergone extensive testing for toxicity, fire protection, personal exposure limits, and almost every 
other healthlsafety issue before being approved for testing and evaluation by the EPA. 
The new alternatives do have some limitations but are considered safe if handled properly; 
however, they may be slightly less efficient than the refrigerants they replace. This efficiency loss will 
generally not affect operations because most systems have been over-designed with built-in excess capacity 
to allow for future expansion. In some cases, the new refrigerant (e.g., HFC- 134a) is actually more efficient 
than the old refrigerant if a complete retrofit is performed on the chiller. The good news is that EPA's 
Significant New Alternative Program (SNAP) has helped develop and test over 100 new alternative 
refrigerants. The bad news is that they have found no "drop-in" energy-efficient replacements that simply 
require draining the old refrigerant and filling a system with a new refrigerant. 
Even with alternative refrigerants, equipment room ventilation still must be modified to comply 
with the new ASHRAE Standards 15 and 34 adopted by most code authorities. Installation of oxygen 
depletion and halocarbon refrigerant sensors may also be required. Some service organizations will not 
work in a facility until the sensors have been installed. The current HCFC-123 (CFC-11 replacement) 
threshold limit value (TLV) of 10 ppm is being re-evaluated by the American Council of Government 
Industrial Hygienists (ACGIH) and could be raised to 30-100 ppm. Some alternate refrigerants being tested 
have flammability problems and low flash points, but they will probably never be approved by the EPA, 
Factory Mutual, National Fire Protection Association, or the ACGM for manufacture and sale to the 
general public. 
Industry estimates indicate that almost all government agencies and private businesses think a 
refrigerant management plan is necessary and a good idea, but just over 50% have such a plan! 
Unfortunately, the government has no national plan or strategy in place. Heating, ventilation, and air 
conditioning (HVAC) system owners and building managers should not expect any relief or last-minute 
reprieve from the government. Such amenities as air conditioning and refrigeration, commonly taken for 
granted, may not be sustainable when CFC production is halted and no new materials are available to 
replace them. 
What Have We Done? 
The Department of Energy's (DOE) Y-12 Plant has taken an aggressive approach to comply with 
the CAAA and was the first Defense Program @P) facility to develop a long-range Stratospheric Ozone 
Protection Plan. This plan provides administrative controls to minimize plant emissions of ozone depleting 
substances, maximize the use of ozone-friendly alternatives, and achieve cost-effective compliance with 
EPA's CAAA requirements. The plan is a model for government agencies, manufacturing plants, and 
private industry facilities. 
As part of the plan, recycle and recovery programs were implemented several years ago. The 
"lessons learned" are available to other organizations upon request. Y-12 was also the first DOE DP facility 
to request line-item funding for retrofitting and replacing all air conditioning and refrigeration equipment to 
achieve compliance with the CAAA. The necessary detailed engineering studies were completed for 
converting all HVAC systems, chillers, and refrigeration equipment to operate with alternate refrigerants. 
Oak Ridge has maintained efficiencies and capacities to minimize any upstream power plant emissions. 
Where practical, some equipment will be retrofitted to reduce project costs and the impact on the 
government's shrinking budget. Several interim capital construction projects are currently in progress to 
install both high-efficiency purge units and pressurization/leak detection units on low-pressure chillers. 
Personnel training and refrigerant recycling were identified early as the easiest and least expensive 
methods for implementing CAAA compliance efforts. In the early 1990s, the Y-12 Plant procured several 
portable refrigerant recycle units to purify refrigerant in direct-expansion @x) air conditioners and 
MVACs. Several hand-held leak detection units were also procured to find equipment leaks and implement 
a leak detection program. With only minimal investment (about $4,000-$6,000 each for the recyclers and 
only $3W$400 for the hand-held detectors), reduced emissions were noticed immediately. These units 
were so successful that additional larger, EPA-approved, portable recycle units were procured for use on all 
chillers and large building air conditioning systems. The combination of recycling and leak detection 
programs reduced Y-12 CFC emissions by more than 58% from 1992 to 1993. Simultaneously, in-house 
training programs were developed, and an interactive television hook-up was recently initiated with local 
community colleges to train students about the CAAA and certify technicians in the various EPA 
refrigeration classifications. Automotive mechanics were certified by the EPA for work on MVACs, and 
refrigeration mechanics were certified in all four EPA refrigeration categories. Other training programs 
were developed to include courses on the proper operation of most recycle/recovery equipment and a 
management awareness course for engineers, HVAC system owners, and building managers. 
In addition, several inexpensive administrative controls were implemented to help reduce 
emissions and comply with the CAAA. Engineering procedures and specifications were revised to prevent 
procurement of equipment that uses CFCs. A procedure was initiated that required the reviewlapproval of 
all purchase requisitions for CFCs and HCFCs. Procedures were also developed for the removal and storage 
of refrigerants from equipment and appliances before disposal, and plans were initiated for procurement of 
storage and recovery tanks to stockpile excess refrigerants. Specifications for fleet vehicles were modified 
so that the air conditioning systems would be compatible with or operate using alternate refrigerants. In a 
large plant such as Y-12, communications and old habits were the hardest barriers to overcome. Employee 
training and administrative controls made an immediate impact on awareness of the problem-reducing 
CFC emissions-and employees were empowered to correct problems. 
Equipment and Strategy Used 
A task team, drawn from several divisions within the Y-12 Plant, was charged with establishing a 
strategy and guidelines for an economical conversion to alternative refrigerants. Additional tasks included 
setting priorities for worker health and safety considerations, energy efficiency, considerations for long- 
term operation, development of short-term and long-term strategies for compliance, and development of 
criteria for evaluating existing equipment. Input was requested from almost every division, including 
accounting; development; engineering; utility operations; fire protection; health, safety, environment and 
accountability; industrial hygiene; health physics; and the refrigeration mechanics' union. This diversity 
was necessary and very important because the retrofittreplacement of equipment for use of alternate 
refrigerants turned out to be more complex than anyone ever envisioned. Industrial hygiene concerns about 
ventilation and union concerns about worker health and safety when working with or around the new 
refrigerants were only some of the issues to be resolved. The resulting criteria were used to formulate a 
$13.6 million FY 1996 Line Item Project for retrofitting and replacing all HVAC systems and chillers in the 
Y-12 Plant. The team developed the following strategy and criteria for converting to alternative 
refrigerants: 
1. Retrofit or replace only equipment containing a charge of 10 Ib or greater. A study determined that the 
retrofit costs for equipment with a charge less than 10 Ib would exceed the replacement costs and value 
of the equipment. For economic reasons, it was decided that equipment with less than a 10-Ib charge 
should not be retrofitted or converted to the new alternative refrigerants. This smaller equipment 
(generally 5 tons or less) will be handled on a case-by-case basis. In general, it will be left in service 
until the end of its service life or until leaks develop, at which time it will be either shut down or 
replaced. 
2. Equipment over twenty years old, and critical equipment less than twenty years old but with a bad leak- 
rate history, would be replaced. Leak rates and efficiency are the biggest factors in determining 
replacement-not age or maintenance history. Coincidentally, the oldest equipment generally has the 
highest leak rates. Most equipment over twenty years old is inefficient with efficiency ratings greater 
than 1.0 kW per ton. Most new chillers with alternative refrigerants have efficiencies of 0.60 kW per ton 
or less. 
3. Equipment less than twenty years old without bad leaks would be retrofitted to use new, alternate 
refrigerants. Some CFC-11 hermetic chillers will lose about 2%-5% efficiency and 10%-15% capacity 
in converting to HCFC-123. Retrofitting must include new O-rings and gaskets. The hermetic motor 
must be replaced so the winding insulation will be compatible with the refrigerant. The impellers will 
need reworking to minimize losses in efficiency and capacity. Conversion from CFC- 12 to HFC- 134a is 
somewhat easier and could result in a slight efficiency gain. Conversion to HFC-134a requires flushing 
of the lubrication system several times and switching to a polyolester lubricant instead of the mineral oil 
previously used. In order to increase operating pressures, gears must be replaced on chillers, and the 
pulleys and belts must be changed on Dx units. 
4. Equipment with HCFC-22 and W A C S  wouId not be retrofitted or converted. Small, through-the-wall 
air conditioning equipment, freezers, water fountains, and refrigerators will remain in use until their 
service life is over or they incur leaks, at which time they will be either shut down or replaced. 
5. Where practical, all environmental chambers and all process and walk-in coolers with a refrigeration 
system containing 10 lb or more of refrigerant would be retrofitted. Coolers and environmental 
chambers with less than a 10-lb charge would remain in place until they reach the end of their service 
life or develop leaks, at which time they will be either shut down or replaced. Coolers and 
environmental chambers are a special problem because many are custom built. Some of the cabinets 
must be tom apart to install new compressors. After the market was researched, no stock, off-the-shelf 
units appeared to be available that would exactly fit the openings and meet operating requirements. Most 
new coolers and chambers would have to be specially designed and built, which is expensive. It is 
difficult to justify installing a new unit unless it directly supports a process or production system. 
6. Shut down the oldest equipment with the worst leaks, excess capacity, and lowest utilization. The air 
conditioning and refrigeration mechanics generally know which equipment has the worst leak rates. 
Implementation of a centralized, F"C-based refrigerant tracking system can identify and quantify leak 
rates. Such a tracking system costs only $350-$450, and it is invaluable for auditing and tracking 
refrigerant usage by individual pieces of equipment. In addition, building and chiller load profiles 
should be analyzed, incorporating planned expansions and future uses. Existing capacities need to be 
evaluated to determine if the equipment is actually required or if it should be shut-down. 
7. Chill water lines should be extended to replace building air conditioning units where economicalIy 
practical. 
8. Monitors should be installed in each equipment room and chiller building, and the ventilation systems 
should be modified to comply with ASHRAE Standards 15 and 34. 
Refrigeration Equipment 
Equipment to be retrofitted or replaced having a charge greater than 10 Ib of refrigerant fell into three basic 
categories: 
I Chillers - CFC- 1 1, CFC- 12, and HCFC-22 
I1 Direct Expansion o x )  Air Conditioners - CFC-12 and HCFC-22 
III Coolers and Environmental Chambers - CFC-12, CFC-502, CFC-503, and HCFC-22 
In Category I, Y-12 plans to replace six hermetic chillers and two open-drive chillers with a total 
cooling capacity of 4,525 tons. The equipment ranges from an old 200-ton unit up to 1,100-ton units and 
includes two low-temperature machines. Nineteen chillers with a cooling capacity of 20,300 tons will be 
retrofitted to operate on the new alternate refrigerants. Due to downsizing, several areas within the plant 
were shut down, and nine old chillers were taken out of service. 
In Category 11, three Dx building air conditioners will be replaced with units that operate on 
HCFC-22. Two Dx units will be replaced with chilled water handIers, and three CFC-12 Dx units will be 
retrofitted to operate on HCFC-22. 
In Category III, 15 environmental chambers, 4 walk-in coolers, and 1 process cooler will be 
converted from CFC-12 to HCFC-22. Two process coolers will be converted to HFC-134a, and seven 
environmental chambers will be converted from CFC-50U503 to a non-CFC refrigerant (possibly DuPont 
Suva HP-62). 
Preliminary estimates indicate retrofitting and replacing the equipment in Categories I, 11, and III 
will produce an annual savings of approximately 2,658,000 kilowatt hours of electricity and $125,500 when 
completed. This savings will be achieved with no loss in capacity. The converted equipment will emit 
considerably less refrigerant to the atmosphere, and, as a result, less refrigerant will be procured for 
replacement. It is estimated that future refrigerant procurement costs could be reduced for an added savings 
of $50,000-$60,00 per year. The impact on stratospheric ozone depletion due to the retrofit and replacement 
program will be even more dramatic (See Table 1). Preliminary calculations indicate ozone depletion from 
emissions would be reduced approximately 99.69% after the retrofit and replacement project is completed. 
The combined energy savings and environmental improvement make this a win-win situation. 
Equipment with less than 10 Ib of refrigerant were the most difficult to locate and identify and the 
most time consuming to inventory. Some task team members were shocked to see how many appliances 
and small through-the-wall units were involved. This equipment included 165 refrigerators and freezers; 
132 ice machines, drinking fountains, and water coolers; and 1,375 small air conditioners and through-the- 
wall units. These units are relatively inexpensive and will be replaced or shut down at the end of their 
service life or when leaks occur. 
1992 Ozone Depletlon From Emlsslons 
Refrigerant Emlsslons ODP Ozone Depletion 
Type in Pounds - X Number - = Factor 
CFC-11 10,000 X 1 .O = 10,000 
CFC-12 90 X 0.95 = 86 
HCFC-22 3,025 X 0.05 I 151 
CFC-I13 200 X 1.07 - 21 4 
CFC-114 5,100 X 0.8 I 4,080 
CFC-502 30 X 0.2 I 6 
TOTAL 14,537 
Estimated Ozone Depletion After RetrofH and Replacement 
HCFC-123 1,000 X 0.02 = 20 
H FC-134a 90 X 0.0 I 0 
HP-62 30 X 0.0 I 0 
HCFC-22 500 X 0.05 P 25 
TOTAL 45 (99.69% 
reduction) 
Table 1. Impact on Ozone Depletlon. 
Lessons Learned 
The following summary of the lessons learned by the Y-12 Plant may be used to help a company or 
government agency make the tough decisions about converting to alternate refrigerants: 
I .  Formulate a task team from various departments and service organizations and obtain management 
support for its findings. 
2. Develop a schedule and establish a budget to support the task team findings. 
3. Involve the equipment manufacturer in planning at the earliest stage and consult with a service 
contractor or consulting engineer to work closely with the manufacturer. 
4. Focus on life-cycle operating costs, equipment availability, and energy efficiencies based on integrated 
part-load values and applied part-load values rather than refrigerant choices. 
5. Participate with the contractor and manufacturer to determine when and how to convert. 
6. Develop a management awareness training course and worker certification program and include the 
hourly employees or maintenance contractor as part of the team. 
7. Initiate a leak detection and a recycIe/recovery program and contain, contain, contain. 
8. Develop an inventory of all air conditioning and refrigeration equipment and refrigerant stocks. 
9. Plan to phase in, over a period of several years, replacement and conversion for large complexes using 
multiple chillers and building air conditioning equipment where replacement costs can be high and not 
easily funded in one lump sum. 
10. Do not wait until December 31, 1995, to start a program and make decisions about converting. 
What Should The Conversion Plan Include? 
Some basic criteria must be included in any conversion and retrofit plan as good management practices and 
to help make it succeed. These criteria will provide management control over the implementation process 
and help ensure fiscal responsibility. In addition to incorporating the lessons learned at Y - 12, a plan should 
include: 
A long-term phase-out schedule for CFCs and a budget for the conversion plan. 
A designated CFC Manager (or CFC Czar) in upper management who will champion the plan and help 
in the budgetary process. 
Procurement of recycle/recovery equipment and immediate implementation of a leak detection 
program-recycle, conserve, conserve. 
- Tracking of refrigerant usage and procurement at a central location where information can be readily 
accessed. 
An inventory of all equipment and refrigerant stock and setting of priorities for converting equipment. 
Development of written policies and defined pmedures for procurement, handling, storage, and use of 
refrigerants. 
Evaluation of equipment life, performance, and efficiency, and an analysis of existing needs and future 
requirements. 
An engineered solution to retrofit or replace equipment, determined with more than one manufacturer's 
recommendation. 
Clearly defined monitoring, health and safety, reclamation, and disposal procedures so everyone 
involved has a clear understanding about who is responsible, what should be done, and how to do it. 
Maximization of equipment retrofitting to conserve cash flow and assurance that equipment room 
ventilation meets ASHRAE standards. 
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Introduction 
Throughout the DOD and commercial manufacturing community, engineers are aggressively 
screening alternative solvents before the Clean Air Act mandated phase-out of methyl 
chlorofom. Although virtually hundreds of products are being considered, the "short list" 
appears to include only the following: 
Terpenes (usually terpene hydrocarbons) Esters (e.g. butyl butyrate, methyl lactate) 
Propylene glycol ethers and their esters Halogenated solvents (e.g . parachlorobenzo- 
(e.g. PTB, DPM, PM acetate) trifluoride) 
NMP and BLO (GBL) Mineral spirits and paraffinic solvents 
And although the criteria for acceptance is different for each user and each application, the 
following subset is generally common to all: 
Acceptable solvency for specific soils Low toxicity and ecotoxicity 
Ease of use Acceptable odor 
Compatibility with contact materials Good storage stability 
Readily available Affordable and cost effective 
Ability to clean to established specifications Regulatory acceptance (no ODP, low 
GWP, not considered a HAP) 
The advantages and disadvantages of the various alternatives has been debated within the 
industry and there are misconceptions regarding the various alternatives. Extensive testing has 
shown that terpene hydrocarbons are among the most effective cleaning agents for dissolving and 
removing difficult surface contaminants. In addition, terpenes are desirable because they are safe 
(low toxicity) and biodegradable. 
However, terpenes are so highly biodegradable that this has been a limitation as well as an asset. 
In the presence of air certain terpenes break down, forming much less volatile compounds that do 
not evaporate like the terpene solvents themselves. These residues can be left behind during the 
cleaning process unless another solvent, like alcohol, is used to rinse residues away. 
Unfortunately, the need to rinse makes cleaning large surfaces, like airplane wings and rocket 
motors, very difficult. And this has made the use of terpenes for hand-wipe cleaning drtually 
impossible. 
Engineers at Hercules Aerospace, a rocket motor manufacturer in Utah, have worked closely 
with chemists at Glidco Organics to study the feasibility of using terpenes for zero-residue wipe 
cleaning. The result of this work is a technological breakthrough, in which the barrier to ultra- 
low non-volatile residue formation has been broken. After 2 years of development and testing, 
SCM Glidco Organics has announced the availability of Glidsafem Prepsolvm: a state-of-the-art 
ultra-low residue terpene wipe cleaning agent that does not require rinsing. Prepsolvm can 
successfully be used in simple hand-wipe cleaning processes without fear of leaving surface 
residues. Industry testing has confirmed that PrepsolvTM is not only highly effective, but can 
even be less expensive to use than traditional cleaning solvents like methyl chloroform. 
This paper addresses the features and benefits of Prepsolvm, and presents performance and 
material compatibility data that characterizes this unique cleaning agent. 
Since its commercialization, Hercules Aerospace has chosen Prepsolvm as the optimum cleaning 
agent to replace ozone-depleting solvents in their weapons factory in Magna, UT. Likewise, 
Boeing has approved Prepsolvm for cleaning components in the manufacture of commercial 
aircraft at their facilities in Seattle, WA and Wichita, KS. Additional approvals are forthcoming 
for this uniquely safe and effective solvent. 
Solvency 
Terpene hydrocarbons, because of their chemical structure, are highly effective in dissolving 
aliphatic and cyclic lubricating oils, greases, waxes, tape residues, silicone fluids, and similar 
soils likely to be found in the manufacturing industries. In those cases where they are not 
effective alone, they form the base for mixtures that closely approach the solvency of methyl 
chloroform (1,1,1-trichloroethane) and methyl ethyl ketone (traditional aerospace industry wipe 
solvents). Solubility parameters are a reasonable predictor of solvent performance, and although 
they do not take molecular size into consideration, they are certainly the most useful theoretical 
tool for solvent selection' : 
Hansen Solubility Parameter comparison2 
Target Solvents 
Alternative Pure Solvents I GlidsafeB Prepsolvm (Terpene hydrocarbon3 ) I 8.6 1 .O 1 .O I 
Blended Solvent Systems 
-co Organics) 8.5 I 1.5 I 2.2 
DS- 104 (General Dynamics/Dynamold Solvents) 7.8 5.9 5.5 
As can be seen, terpenes fall near methyl chloroform in solubility space. This property makes 
terpene solvents direct substitutes for 1,1,1 in many applications. 
Tests performed at Hercules Aerospace Company confirm that solvent solubility can be 
reasonably predicted by solubility parameter modeling. The following graphical data shows that 
Glidsafem PrepsolvTM is the most effective solvent against non-polar soils. 
Solvent Solubility Test Results Against Various SoilsS 
Non-Volatile Residue 
Traditional terpene solvents are not ideal wipe cleaning agents. In fact, many terpene solvents 
are actually poor choices for wipe cleaning because of their tendency to oxidize and polymerize, 
creating non-volatile organic surface residue (NVR). This polymeric residue is sometimes more 
difficult to remove than the original soil. The tendency has caused some researchers to conclude 
that terpenes are often not appropriate candidates for wipe cleaning solvents. 
Antioxidants and inhibitors are added to terpenes much the same way that stabilizers have 
traditionally been added to chlorinated solvents. However, traditional development of terpene 
antioxidant and inhibitor technology was almost exclusively performed by the flavor and 
fragrance industry. Their needs and selection criteria were quite different from those of the 
aerospace industry, and their recommended inhibitors and antioxidant systems are not 
appropriate for precision cleaning applications. 
A variety of commercially available terpene solvents were tested for NVR per ASTM Dl353 
(205°F in air). By this test, even the highest purity solvents left unacceptably high levels of 
surface residue (see graph on following page). 
However, this problem has been solved. Hercules Aerospace and Glidco Organics initiated a 
development project to screen terpene systems and inhibitors to optimize a system that would 
adequately protect the terpenes from oxidation and polymerization, while not contributing 
themselves to surface residue. The resulting blend of terpenes and inhibitors leaves virrually 
zero NVR. This blend is available as Glidsafem PrepsolvTM. As you can see, proper choice of 
terpene solvent and inhibitor technology results in a truly "clean" terpene wipe solvent. It is no 
longer correct to assuine or conclude that terpene solvents cannot be used as precision wipe 
cleaning agents. 
Measured Non-Volatile Residue per ASTM D- 1353 (weight %) 
Cirtrus limonene 
(no inhibitors) 
Uninhibited high 
purity d-limonene 
Inhibited high purity 
d-limonene (Limonene 145) 
Limonene with optimized 
inhibitors (Repsolvm). 
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 
Inhalation Hazard and Workplace Safety 
Because terpenes have low vapor pressure, they have low inhalation hazard. The ratio of the 
saturated vapor concentration of a solvent to its TLV is called the Inhalation Hazard Index 0 
and is an indication of the relative danger from vapor exposure. The higher the ratio, the higher 
the vapor concentrations become in the workplace, and the quicker the TLV concentration is 
approached. Lower W ratios indicate that vapor concentrations will only slowly approach the 
TLV, which means that these solvents are safer to use in the workplace. High ratios indicate 
increased potential health risk. The following table compares the vapor pressure and Inhalation 
Hazard Index for common solvents. Note that Glidsafea PrepsolvTM has the lowest MI value 
and therefore is safest to use in the workplace: 
Inhalation Hazard Index for Industrial solvents6 
Vapor Pressure 
Terpenes have relatively low vapor pressure. Low vapor pressure solvents have a number of 
advantages in wipe cleaning including: 
Reduced VOC emissions; 
Increased cleaning efficiency as a result of solvents remaining on the cloth longer 
before evaporation; 
Reduced evaporative losses translating into increased economy. Most experience 
indicates that terpene solvents are consumed at roughly 15-20% the rate compared to 
methyl chloroform in wipe cleaning. 
In use, solvents are "consumed" not only by evaporation, but by disposal of unused material on 
cloths. In fact, disposal of unused material accounts for a major portion of the consumption. 
The evaporative losses alone from terpenes and conventional solvents have been compared in the 
lab: 
Solvent Vapor Pressures and Estimated Evaporative Losses 
Regulatory Status of PrepsolvTM 
Terpenes like PrepsolvTM are non-toxic, biodegradable, and contain no reportable components. 
They are non-chlorinated, and therefore do not affect the Earth's Ozone Layer and are not 
regulated as a result of the Montreal Protocol. In addition, they are not classified as Hazardous 
Air Pollutants by the 1990 Clean Air Act Amendments. Furthermore, the U.S. EPA has endorsed 
terpenes as replacements for ozone-depleting solvents like I,], 1-trichloroethane and CFC- 1 13. 
Water Solubility 
As "zero discharge cleaning" becomes a goal, it is necessary to consider routes for release of 
solvents into the workplace and environment. Just as low vapor pressure restricts air emissions 
of terpenes, low water solubility can restrict release into water systems. This is not a strong 
consideration in wipe cleaning, but a consideration for solvent selection in general. 
Terpene hydrocarbons are virtually insoluble in water. This is very different from alternatives 
like glycol ethers and NMP which are readily soluble in water. As water regulations tighten, this 
will become more and more important, and cleaning agents which can easily be separated from 
wastewater will become more desirable. 
Relative Water Solubility of Terpenes vs. Other Solvents 
Material Compatibility 
Glidsafeo PrepsolvTM, being a blend of terpene hydrocarbons, is a non-polar, pH neutral, non- 
corrosive solvent. As such, it does not produce corrosion in any metals tested to date. 
 lids safe@ Prepsolvw 
Propylene Glycol Tert Butyl Ether (PTB) 
2-Butoxyethanol (EB) 
n-Methyl Pyrrolidone (NMP) 
APPROX. SOLUBILITY IN WATER 
(WT 95 lb 20°C) 
0.02 
14.5 
T 
T 
L 
Metals Compatibility Data per SMI Testing 
Testing by Hercules Aerospace has confirmed that "no signs of corrosion or material degradation 
were noted in the immersion test" with the metals tested: 
Anodized 6061 Aluminum) Aluminum 7075 Aluminum 6061 
Aluminum 1100 Cadmium Plated 4140 Steel 304 Stainless Steel 
Lead Alloy (FLSC) 
Conclusions 
A terpene-based wipe cleaning agent is now available called GlidsafeB PrepsolvTM that 
combines the advantages of high solvency, environmental acceptability, regulatory compliance, 
low toxicity, with ultra-low non-volatile residue. All these advantages combine to suggest that 
this innovative material be considered as an alternative cleaning agent for replacing ozone- 
depleting and toxic solvents in hand-wipe cleaning. 
No single solvent is likely to be a universal replacement for 11 1 and MEK. However, the state- 
of-the-art in terpene wipe-cleaning agents is advancing to the point that most all of the limitations 
of early terpene products no longer exist. Certainly, fear of non-volatile residue is no longer a 
reason to avoid consideration of terpenes for hand-wipe cleaning of aerospace materials. 
PrepsolvTM Status Update - July '94 
The latest NVR testing by Hercules Aerospace (June '94) documents in their final project report 
that PrepsolvTM leaves no visible or measurable NVR on evaporation. 
GlidsafeB PrepsolvTM is now approved by Boeing per specification BAC 5750 for use in 
commercial aircraft fabrication and maintenance cleaning, and is preferred by Hercules 
Aerospace for cleaning during rocket motor fabrication and finishing as indicated below. 
The following are excerpts from Hercules final report: "Test Report, 1 , l . l  trichloroethane 
Replacement For Use in Cold Wipe Applications, June .1994". 
CONCLUSIONS 
The only solvent that produced any signs of corrosive attack on the alloys testes in immersion 
or galvanic couple testing was WS5B. No signs of corrosion were noted with any of the other 
candidate solvents. Testing performed for non-metallic surfaces showed that all solvents except 
DS104 performed equal to TCA. Laboratory input and actual use in operating areas reduced the 
viability of using IBlB due to its strong odor. Based on the material testing performed in test 
Series 2 Prepsolv, Iso-butyl lsobutyrate (IBIB), and Oxsol 100 perform as  well a s  TCA on non- 
metallic surfaces in finishing operations. DS104 is not a top candidate because the tensile testing 
results showed significantly lower max. Stress values than TCA. In addition, input received from 
McDonnell Douglas suggest that other candidates would be more favorable due to the moderately 
strong odor of DS104. 
Bonding tests showed that Prepsolv and WSSB were the best performers. RTV premold to 
aluminum bond compatibility was unfavorable using PrepsolvTM, yet the surface preparation 
results for the same bond were different, but not unfavorable. Oxsol 100 and DS104 were the 
worst performers for bonding operations. 
The overall performance of each of the solvents tested for finishing operations, based on 
meeting the established criteria, from best to worst are: 
1. Prepsolv 
2. WS5B 
RECOMMENDATIONS 
Pre~solv should be aualified as the ~rimarv solvent for use in finishing o~erations because it 
is the best overall performer based on the laboratory testina which correlated vew close fp m. 
---- 
Although WSSB, IBIB, and Oxsol 100 did not perform overall as well as Prepsolv, the data 
generated should be considered valid in implementing the tested solvents for the appropriate 
operations in the event Prepsolv is not available in the future or does not remove abnormal soils. 
Prepsolv can be handled safely in the finishing area with no additional protection required by 
the operators. 
Case Study - John A. Purvis 
and Wade W. Moran, Hercules 
Aerospace Solvent Selection 
Solvent Selection At Hercules Aerospace 
Hercules Aerospace Corporation's Bacchus plant in Magna, Utah produces solid propellant rocket motors. 
Methyl chloroform, an ozone depleting compound, is used in a large number of manufacturing operations 
for these systems, mainly as a "wipe solvent" for cosmetic cleaning and for preparation of surfaces prior to 
bonding with adhesives or coatings. In this application, the solvent is applied to a clean cloth, which is then 
wiped on the surfaces to be cleaned. Remaining solvent is allowed to dry prior to bonding the components. 
As an active participant in the Chemical Manufacturer's Association Responsible care@ program and to 
comply with legislation, Hercules is actively involved in eliminating ozone-depleting chemicals and 
minimizing use of hazardous air pollutants. In this effort, Hercules has achieved favorable results in 
selecting alternate solvents. 
Of course, no single solvent identified can be used for all purposes. Rocket motor designs incorporate 
many different materials (aluminum, steel, graphite composite, elastomers, cork) and a iarge number of 
adhesive bonds utilizing a variety of adhesives. In addition, over 60 different "soils" are involved in the 
processes ranging from fugitive oils and greases and mold releases to epoxies, cyanoacrylates and urethanes 
in various states of cure. The solvents must remove these soils, but must not damage the substrates, react 
adversely with materials such as the propellant, nor weaken previously made bonds. One solvent blend 
developed was found superior to methyl chloroform for solvency power for the many soils but was 
incompatible with several of the substrates, requiring the identification of compatible, but less versatile 
solvents. Terpenes were found to be excellent solvents for oils, greases, certain resins, rubbers and tape 
residue (all major soils) but were reputed to be prone to oxidation and high in non-volatile residue. 
Hercules pursued the issue with Glidco Organics, a major manufacturer of both citrus and pine terpenes. 
The problem was eventually resolved by use of a refined citrus terpene and optimization of the antioxidant 
package. The resultant solvent is stable and has no significant non-volatile residue as measured 
gravimetrically or by infrared spectroscopy. 
Hercules' strategy included thorough research of industry efforts and a careful examination of the process to 
determine if soils could be isolated, if steps could be re-ordered, or if soils needed to be removed from 
surfaces. If cleaning was required, mechanical and aqueous cleaning methods were considered. Where 
organic solvents were considered necessary, most important was the use of firm solvent selection criteria, 
solubility parameter technology and economical laboratory screening tests. Solvents identified for future 
qualification have been reduced from over 100 to 7 systems. These include parachlorobenzotrifluoride 
(PCBTF), an ester, a propylene glycol ether, a propylene glycol ether acetate, a lactate, a terpene (d- 
limonene) and blends of these.materials. 
Solvent Selection Criteria 
Given the enormous number of solvents on the market, a set of firm criteria were developed. The solvent 
must be effective in  removing the various soils. Solvents that have any known ozone-depleting potential, 
are hazardous air pollutants or are overly toxic were avoided. The inhalation hazard index (IHI) was used 
for comparison rather that the threshold limit value (TLV). Use of the TLV for comparison is often done 
but is normally misleading because of vapor pressure differences. The IHI takes into account the TLV and 
the vapor pressure. The higher the IHI, the more hazardous the material. For example, while d-limonene 
has a lower TLV than methyl chloroform, its IHI is less because of lower volatility. The IHI = 
IO~*(PJP)/TLV where P, is the vapor pressure and P the atmospheric pressure. 
A flashpoint above 38°C (100°F) is required but volatility is also critical so components can be bonded 
soon after surface cleaning to prevent surface recontamination and minimize flowtime. Any solvents that 
contained measurable non-volatile residue with an ambient drying were not considered. Good stability in 
storage, a tolerable odor and compatibility with contact materials are also important attributes. 
Given the costs incurred in qualifying new solvents and the importance of system reliability and 
consistency, the use of unknown or single-source formulations was avoided - a future formulation change or 
non-availability could not be tolerated. This criteria required selection of pure materials, which was 
beneficial in other ways. First, guarantee of supply is virtually assured since materials are typically available 
from a number of sources. Duplication of testing was also avoided since many proprietary tradenarne 
cleaners are similar in  formulation. Toxicity information and solubility data are available and cost is less. 
Use of Solubility Parameters to Select and Blend Solvents 
The solubility parameter system is a practical and quantitative guide for selecting solvent candidates and for 
estimating the properties of a blended solvent. The system is well documented and accepted throughout the 
industry. Solubility parameters takes the like-dissolves-like logic by evaluating the mixing compatibility of 
materials by describing and quantifying the cohesive energy forces holding materials together (cohesive 
energy density). During dissolution, the intermolecular bonds of materials A and B are broken while new 
bonds between the different materials are formed. If A-A, B-B, and A-B bonds are similar, little energy is 
needed to replace the broken A-A and B-B bonds with the A-B bonds. But if the A-A bond is much 
stronger than the A-B and B-B bonds, breaking the A-A bond will be thermodynamically unfavorable8 
Solubility parameters can determine which situation will be favorable. 
The Hildebrand parameter (6) is the most commonly used and can be estimated for any material easily with 
a few physical constants. Hansen later modified the parameter to differentiate the contributions of 
dispersive (London) forces (&). hydrogen bonding (h), and polar forces (ap) through a semi-empirical 
process. These are in effect simultaneously, and can be resolved into a vector which describes the total 
Hansen solubility parameter. 6, (6,' = 6; + 6,,* + ad2). Hoy later modified the Hansen system by 
incorporating more theoretical considerations and provided the primary system used in our studies. 
References are readily available that provide detailed descriptions and also values for many solvents and 
other materials. A graphical representation of Hoy system 8, vs. 6,, was found to be useful in the Hercules 
effort and is provided showing the dispersive parameter in  parentheses. Note that these Hoy parameters 
differ in value from the Hansen parameters9 9'' 
Hercules uses solubility parameter data in several ways. First, duplication of testing of similar solvents is 
easily avoided. For instance, NMP and BLO are very similar in all parameters, and therefore need not both 
be tested. Also, given the solubility parameter of a particular soil, it is easy to determine which solvents 
would function well. For soils with no solubility parameter data available, laboratory solubility tests can be 
run with a variety of different but known solvents to characterize the soil. The best solvent for the job can 
also be identified. Graphical examples of soil "mapping" are provided. To develop a more versatile solvent 
system, the solubility parameter data are also useful for predicting solvent blend properties that exhibit 
intermediate solubility parameters which can work for different soil types. The best hydrocarbon soil 
cleaners a11 share the attribute of having very low hydrogen bonding, while the solvents best for paints and 
adhesives tended to be moderate H bond with high polarity. d-Limonene, which was already quite versatile 
due to its moderate solubility parameter and Hoy polarity, was found to be a very useful base for blends 
which could also effectively remove the higher parameter soils such as paints, primers and epoxies. The 
solvent solubility parameter graph illustrates why d-limonene is in a position to form a wide variety of 
versatile cleaners by blending with various oxygenated solvents to get a parameter specific to one's needs. 
Solvent Screening Testing 
While solubility parameter technology is a useful system for solvent selection, it should only be used as a 
guide. Verification in the laboratory for solvency with the identified soils, and compatibility with the 
expected substrates is essential. 
Solubility was tested in one of two methods. In one test, 0.1 gram of the soil was placed in a test tube with 
4 ml solvent and agitated at 200 rpm for 5 and 40 seconds with the solubility and residue judged at the end 
of each interval (similar to ASTM D-3 132). The second method consisted of coating a metal plate with the 
soil which was cured or "staged" for a certain amount of time and then cleaned with a solvent saturated 
wipe. Effectiveness in either case was judged by the speed in which the soil went into solution or could be 
visually removed from the plate. The general scoring is similar to the ASTM method with finer resolution 
provided by adjusting the numbers up or down by 0.3. 
Solubility tests were very quick to perform and proved to be very useful in screening out mediocre 
candidates and helped characterize the soils for further testing. 
Solubility Test Results - Relative Performance" 
Non-volatile residue @Mt) was also a value measured in the laboratory, being of concern for bond surface 
preparation. A solvent that leaves a low surface energy or low cohesive strength residue has the potential to 
produce a poor bond. NVR is measured in several ways. One method is ASTM 1353-90, where 100 ml of 
the solvent is evaporated to dryness on a steam table and then placed in a 20S°F oven for a time. This test 
proved most of the solvents to be very clean. Some, however, had a significant amount of residue at the 
end of testing which was not expected from results of ambient dry observations. There was concern that the 
high temperature of the test may oxidize/polymerize some of the solvents, especially those with unsaturated 
sites, such as the terpenes. An alternate method was developed to help determine if the residue could be 
attributed to temperature/oxidation effects during testing. Approximately 0.1 g. of the solvents were placed 
on Germanium ATR crystals and evaporated at 205OF, 105OF, and 105OF in a vacuum. The ATR crystals 
were then analyzed by infrared spectroscopy, providing a semi-quantitative measurement of the amount of 
residue. 
Ambient testing of Glidco Limonene 145 and AT= analysis showed that the bulk of the 
residue was attributable to the test environment, but residual anti-oxidant was present a_nd led to study of a 
clean anti-oxidant package for bond surface preparation. 
The potential for bond degradation from NVR was tested by treating smooth machined aluminum 
plates with various solvents before epoxy bonding. This configuration was estimated to be more sensitive 
to contamination than any bondline in our processes. 4-8 RMS milled 6061 plates were cleaned with 
toluenetethyl acetate and rinsed with clean acetone and exposed to two treatments of streaming solvent over 
the plate and forcing off the excess with an inert aerosol dust chaser leaving only a thin film of solvent. The 
plates were then dried for 1.5 hours at ambient and placed in a desiccator overnight before bonding to grit 
blasted, stainless steel buttons with 3M EC2216 epoxy. The buttons were then pulled in  tensile at 0.2 ipm. 
No degradation of the bondline was seen with the Glidco Limonene 145, PrepsolvTM, or PCBTF compared 
to the methyl chloroform control. 
The most critical bonds in the rocket motor are rubber-to-rubber, rubber-to-steel and rubber-to-composite. 
Therefore, compatibility of the solvents with the rubber is of great importance. The solvent affinity for the 
rubber and drying rate was tested simultaneously by exposing the rubber by a 30 second soak (simulating an 
accidental spill) and by a triple wipe with a solvent soaked cloth. The samples were dried at ambient lab 
conditions and gravimetrically tested over 5 days. Surprisingly, even methyl chloroform remained in the 
rubber for over 4 days due to its initial high absorption into the rubber. Apparently, a high evaporation rate 
is of little help since, once in the rubber, solvent transfer is diffusion limited. Effect on rubber mechanical 
properties were also measured. While solvents that soaked into the rubber had an immediate affect, in  all 
cases the rubber returned to normal once dry. 
Future Efforts 
While Hercules' program to select solvents is explained, the criticality of rocket motor missions and designs 
demands rigorous qualification of any replacement solvent prior to its use in a production environment. 
Qualification testing is currently in progress and will, in detail, examine the effect of selected solvents on 
material properties, corrosive effects, compatibility with bond lines and the effect of the solvents on long 
term properties of the motor. 
Footnotes 
' Hansen solubility parameters differ from the Hoy solubility parameters in the Hercules case 
study. 
Source: Texaco Solvents Data, 1992 unless otherwise noted. 
John Van Dyk, Van Dyk Associates. 
EstimatedfrOm homolog data. 
Data per Purvis and Moran, Hercules Aerospace Case Study. 
Data for methyl lactate, n-butyl butyrate, n-methyl pyrrolidone, and gamma-butyrolactone not 
available. 
' TLVjTWA not established for most terpenes. Assume 100, the established TLVfor turpentine. 
Gardon, J.L., "Cohesive Energy Density", Encv. o f  Polvmer Sci. and Tech, Vol. 3. 
Hansen, C., J. Paint Tech., Feb. 1967. 
lo Hoy, K.L., "Tables of Solubility Parameters", (Union Carbide). 
'' Shaded values indicate good performance relative to methyl chloroform. 
l 2  Absorbance forfirnctional group of solvent or oxidation product. 
l 3  FTIR analysis showed only a trace of oxidation product. Most of the W R  was labware 
contamination (silicone). New sample used for ATR tests. 
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Abstract 
Thermal Protection Systems (TPS) of NASA's Space Shuttle External Tank include polyurethane and 
polyisocyanurate modified polyurethane foam insulations. These insulations, currently foamed with CFC 
11 blowing agent, serve to maintain cryogenic propellant quality, maintain the external tank structural 
temperature limits, and minimize the formation of ice and frost that could potentially damage the ceramic 
insulation on the space sbuttle orbiter. During flight the external tank insulations are exposed to 
mechanical, thermal and acoustical stresses. TPS must pass cryogenic flexure and subs&ark adhesion 
tests at -253°C aerothermal and radiant heating tests at fluxes up to approximately 14 kilowatts per 
square meter, and thermal conductivity tests at cryogenic and elevated temperatures. 
Due to environmental concerns, the polyurethane insulation industry and the External Tank Project 
are tasked with replacing CFC 11. The flight qualification of foam insulations employing HCFC 141b as 
a foaming agent is currently in progress; HCFC 141b blown insulations are scheduled for production 
implementation in 1995. Realizing that the second generation HCFC blowing agents are an interim 
solution, the evaluation of third generation blowing agents with zero ozone depletion potential is 
underway. NASA's TPS Materials Research Laboratory is evaluating third generation blowing agents in 
cryogenic insulations for the External Tank; one option being investigated is the use of water as a 
foaming agent. A dimensionally stable insulation with low friability, good adhesion to cryogenic 
substrates, and acceptable thermal conductivity has been developed with low viscosity materials that are 
easily processed in molding applications. The development criteria, statistical experimental approach, 
and resulting foam properties will be presented. 
Introduction 
The purpose of this study was to evaluate the use of water blown polyurethane based insulations in 
cryogenic environments. Success criteria included the following insulation properties: low friability, 
good adhesion, cryogenic strain compatibility, dimensional stability, high closed cell content, and 
acceptable thermal conductivity. Emphasis was placed on adhesion to an epoxy primed aluminum 
substrate and on flexibility at cryogenic temperatures. 
External Tank Insulations 
The External Tank serves as a cryogenic propellant tank and also as a structural backbone for the 
Space Shuttle system. figure 1 shows the main components of the External Tank; they are a forward 
liquid oxygen tank, an intertank, and the aft liquid hydrogen tank. Thermal Protection Systems (TPS) of 
the External Tank include high density silicon based ablative resins, polyisocyanurate spray on foam 
insulations, and both sprayable and moldable polyurethane insulations. The TPS serves to prevent the 
formation of ice and frost on the tank surface, maintain structural temperature limits, and maintain 
propellant quality. The polyurethane pour foam was selected as the first target application for the water 
blown insulation. 
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Industry Studies 
Over the past few years, several papers have been presented on the development of rigid foams blown 
with carbon dioxide from the water-isocyanate reaction. The industry has found this technically 
challenging and economically inviting. Issues associated with these water blown foams include: 
increased thermal conductivity, high open cell content, accelerated foam aging, poor dimensional 
stability, high friability, and poor adhesion [1,2]. The primary concern lies with the high diffusion rates 
of carbon dioxide in the polymer matrix of the foam. The rapid diffusion of carbon dioxide out and the 
slower ingtess of air components leads to foam shrinkage and higher thermal conductivities 13.41. The 
thennal conductivities of these gases are presented in Table 1. Processing of water blown foams is more 
difficult because of the inherently higher viscosities of the polyol components. Several have found that 
molding of these foams is complicated by poor flowabiiity and high molding pressures [5 -7 .  
Nevertheless, systems have been developed for use in appliances, vending machines, water heaters. 
supermarket display cases, and picnic coolers. 
Table I .  Thermal Conductivity of Cell Gases 
Gas K (BTU.in/ftZ.h."F) 
 en 0.168 
Air 0.168 
oWJen 0.170 
Carbon Dioxide 0.102 
Trichforofluoromethane 0.069 
Experimental 
Developmental Approach 
The polymer structure was modified to incorporate higher molecular weight polyols that could 
compensate for the high crosslink density associated with water blown foams without sacrificing 
dimensional stability. The experimental sequence was initiated by screening several polyols for their 
effect on foam friability, substrate adhesion. and closed cell content. The polyols evaluated are presented 
in Table 2. Six polyols were then selected for further study. A statistically based experiment was 
designed to evaluate these polyols and determine the optimum ratio required to achieve a dimensionally 
stable foam with cryogenic compatibility. Thirty foam formulations were blended, foamed, and tested 
with varying levels of each of the six polyols. Three replicate formulations were included in the 
experiment to allow estimation of the replicate standard deviation of the foam properties. In each of the 
experimental formulations, isocyanate index was held constant at 150, while surfactant and water levels 
were held constant at 2 and 1.25% of the total formulation respectively. Data was analyzed and fitted 
with quadratic models. These empirically based models were then used to evaluate the trade-offs in 
material properties associated with various polyol ratios. 
Table 2. Pdyols Evaluated 
Pdvol # OH Equivalent Weiuht 
1 246 
Foam Preparation 
Foams were prepared by preblending the polyol component, and then combining stoichiornehic 
weights of polyol and polymeric isocyanate for mixing. The room temperature liquid components were 
hand mixed for 8 seconds at 12,000 rpm with a Premier Mill Laboratory Dispersator. The reacting 
mixture was then poured into paper cups for manual reactivity measurement, or separately into a 
Tietech reactivity unit for automatic data acquisition of foam exotherm temperature, foam gelation 
pressure, and foam rise height. The catalyst levels for each of the thirty formulations was adjusted to 
maintain a constant reactivity for all systems. 
Initial polyol screening tests were conducted with room temperature, free rise box pours. Test panels 
for the polyol optimization experiment were made in 10"x20"x3" molds. Four room temperature molds 
containing an epoxy primed aluminum substrate were poured for each of the thirty formulations. Panels 
were cured a minimum of one hour at room temperature before demolding. An additional 2 week aging 
period w:, allowed before test samples were cut and prepared from the panels. 
Foam Properties 
Table 3 lists the tests conducted on the foam insulations. Emphasis was placed on the results of the 
adhesion and cryogenic flexure tests. Bond tensile samples were tested at -196", 21". and 93°C to 
measure substrate adhesion. Four point flexure samples were tested at -196°C. Tensile and flexure tests 
are currently being run at -253°C. 
Table 3. Test Methods 
Foam Property Method 
Bond Adhesion (1 ) ASTM D 1623 
Compression ASTM D 162 1 
Density ASTM D 1622 
Friability ASTM C 421 
Closed Cell Content ASTM D 2856 
Thermal Conductivity ASTM C 177 
Oxygen Index ASTM D 2863 
4-Point Flexure hHouse Test 
Units 
psi 
psi 
PC f 
%mass loss 
% closed cells 
BTU.inIft2.h.OF 
%oxygen 
Note: (1) Adhedon to epoxy primed 2219 aluminum alloy 
Results 
The results of the polyol screening tests are presented in Table 4. The results show a broad range of 
foam properties with bond tension values ranging from 20 to over 100 psi in room temperature tests. 
Elongation measured in the bond tension tests was used as an indicator of four point flexibility. Based on 
these test results, Polyols 1 through 6 were selected for further study. Table 5 presents the levels at 
which the polyols were evaluated in the experiment. 
Table 4. Resuffs of Pdyd Screening 
Pdyol # 21°C Bond Tension % Elongation Compression % Closed Cells Friability Oxygen Index 
1 20 18 5 80.7 3.84 21 .O 
Table 5. Gcperlmental Variables 
Variable Range 
Pdyol 1 0 to 30 % of Polyol Blend 
Pdyol2 0 to 100% of Polyol Blend 
Pdyol3 0 to 100% of Polyol Blend 
Pdyol4 0 to 100% of Polyol Blend 
Pdyol5 0 to 100% of Polyol Blend 
Pdyol6 0 to 100% of Polyol Blend 
The thirty formulations evaluated in this experiment had the following constant variables: isocyanate 
index of 150, common surfactant, and 1.25% water in the total formulation. Material properties varied 
considerably with the change in polyols. Several of the test panels debonded from the aluminum 
substrate with demolding, while others had good substrate adhesion. 
Results of the mechanical and physical testing were reduced and analyzed with EchipTM software to 
determine the effects of the various polyol ratios on foam properties. The R-square values, indicating 
how well the empiricai models fit the experimental data, are presented in Table 6. Polyol 1 was found to 
have the greatest effect on the foam flow in the molds, and based on the empirical models also 
contributed to cryogenic bond tensile strength and four point flexibility. Polyols 3 and 6 contributed to 
dimensional stability and improved oxygen index. The optimum formulation having the best 
combination of properties, substrate adhesion greater than 50 psi and cryogenic flexibility, was obtained 
with the polyol blend consisting of 20% Polyol 1.50% Polyo13 and 30% Polyol6. 
Table 6. Degree of Ffl of Empirical Models 
Property Modeled Rsquare value 
Bond Tension. 21 "C 0.827 
Bond Tension, 93°C 0.741 
Bond Tendon, -196°C 0.861 
4-point Flexure, Stra at failure 0.814 
4-point Flexure, Strain at failure 0.878 
Figures 2 to 4 are two dimensional contour plots illustrating the effects of polyol ratio on substrate 
adhesion at various temperatures. These plots show the detrimental effects of Polyol 1 when used at 
levels greater than 30% of the polyol blend. Figures 5 and 6 show the maximum stress and strain in a 
four point flexure test are obtained with Polyol 1 added at approximately 25% of the polyol blend. 
An evaluation of a phosphorous based flame retardant in the water blown foam was conducted. Table 
7 presents the effects of the non-reactive flame retardant on the foam properties of gel time, density, and 
oxygen index. The flame retardant was added to the foam system at levels ranging from zero to twenty- 
five percent of the total formulation. Based on this limited data, a flame retardant level of 12% was 
selected. 
Table 7. Effects of Added Flame Retardant 
% FR Gel (sec) Density Oxygen Index 
0 43 2.5 40.9 
These oxygen index values are not intended to reflect hazards 
presented by this or any other material under actual fire conditions. 
As a result of this study, a water blown molding insulation has been developed with acceptable 
mechanical properties at cryogenic temperatures. Table 8 presents data for this insulation, System A, and 
a comparable insulation, System B, that is co-blown with CFC 11 and water. The reaction profile of 
System A is illustrated in Figure 7 which shows the rise in foam exothenn temperature with time. 
Table 8. Properties of the Water Blown Insulation 
System A System B 
Foam Properly Water Blown Contrd (1) 
Density 
Free Rise 2.3 2.5 
Molded 2.6 3 13 
Bond Adhesion (2) 
- 196°C 43 38 
21°C 83 64 
93°C 49 33 
Compression 28 30 
Friability 1 26 
Closed Cell Content 93 87 
Thermal Conductivity 0.20 0.17 
Oxygen Index 25 23 
Note: 
1. CFC 11 and water co-blown 
2. Adhesion to epoxy prlmed 2219 aluminum alloy 
The development of a water blown insulation for use in cryogenic environments required the 
development of a polymer network with reduced crosslink density to obtain a low friability insulation 
with good adhesion to epoxy primed aluminum substrates. This development work completed with a 
molding system will serve as a platform for further development of a sprayable, water blown foam 
insulation. Statistically designed experiments have been employed in the evaluation of a catalyst 
package for accelerated reactivity suitable in spray formulations, and are currently being used in a 
processing sensitivity study to evaluate the parameters of substrate temperature, relative humidity, and 
component temperature on foam properties. As industry continues to develop low viscosity and low 
permeability polyols, improved surfactants and catalysts, the use of rigid water blown foams in a variety 
of applications will grow. 
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ABSTRACT 
Hydrochlorofluorocarbon (HCFC) 141b has been selected as the interim blowing agent for use in urethane 
insulations on NASA's Space Shuttle External Tank. Due to the expected limited commercial lifetime of 
this material, research efforts at the NASA Thermal Protection Systems Materials Research Laboratory at 
the Marshall Space Flight Center are now being devoted to the identification and development of 
alternatives with zero ozone depletion potential. Physical blowing agents identified to date have included 
hydrocarbons, fluorocarbons, hydrofluoroethers, and more predominantly, hydrofluorocarbons (HFCs). 
The majority of the HFC evaluations in industry have focused on the more readily available, low boiling 
candidates such as HFC 134a. Higher boiling HFC candidates that could be handled at ambient 
conditions and use current processing equipment would be more desirable. 
This paper will describe results from a research program of two such candidate HFCs performed as a 
cooperative effort between Martin Marietta Manned Space Systems, the U.S. Environmental Protection 
Agency, and Oak Ridge National Laboratories. The purpose of this effort was to perform a cursory 
evaluation of the developmental HFCs 245ca and 236ea as blowing agents in urethane based insulations. 
These two materials were selected from screening tests of 37 C2, C3, and C4 isomers based on physical 
properties, atmospheric lifetime, flammability, estimated toxicity, difficulty of synthesis, suitability for 
dual use as a refrigerant, and other factors. Solubility of the two materials in typical foam components 
was tested, pour foaming trials were performed, and preliminary data were gathered regarding foam 
insulation performance. 
INTRODUCTION 
Hydrochlorofluorocarbon (HCFC)-141b has been widely adopted as the interim blowing agent of choice in 
rigid foam insulations. Even though this material has an Ozone Depletion Potential (ODP) approximately 
85% lower than the chlorofluorocarbon (CFC)-11 it is targeted to replace, HCFC-141b is also planned to 
be phased out in favor of alternatives with zero ODP. Current regulatory timelines, per the U.S. 
Environmental Protection Agency Phase-out of Ozone Depleting substances1, call for phaseout of HCFC- 
141b. beginning in the year 2002. This situation poses a significant challenge to the polyurethane 
insulation industry since there are no readily available non-flammable, liquid alternatives which could 
easily replace the HCFC-14lb. This, combined with the fact that the transition from CFC-11 to "near 
drop-in" HCFC-14lb, has taken well over 5 years, indicates that development and commercialization of a 
suitable zero ODP physical blowing a'gent is already on a critical schedule. 
There is a need for industry to identify and provide a concerted effort toward development of acceptable 
foam blowing agent(s) that will meet all environmental goals and provide permanent solutions to the 
blowing agent issue. Alternatives such as hydrocarbons, low boiling HFCs, and water/carbon dioxide 
have been shown to be suitable for some applications. For other applications, a non-flammable, liquid, 
physical blowing agent is more desirable. One source of potential zero ozone depleting blowing agents in 
this category is the new experimental chemicals being developed as proposed refrigerant altematives. 
Several such chemicals have been proposed by the Environmental Protection Agency (EPA) Air and 
Energy Engineering Research Laboratory (AEERL) as alternatives to CFC refrigerants based on having 
properties similar to those of CFC refrigerants. One of them, 1,1,2,2,3-pentafluoropropane (HFC-245ca). 
is being considered as a CFC-11 alternative for chillers, and another, HFC-236ea (1,1,1,2,3,3- 
hexatluoropropane), has been the subject of more extensive theoretical and experimental evaluation as a 
CFC-114 alternative for shipboard cooling. Both HFC-245ca and HFC-236ea have desirable properties 
for use as foam blowing agents. 
This paper presents results of a cooperative effort between the U.S. EPA, Oak Ridge National Laboratory, 
and Martin Marietta Manned Space Systems m evaluate HFC-245ca and HFC-236ea as blowing agents for 
rigid polyurethane insulation foams, and to perform cursory accelerated aging evaluations of hand poured 
samples. A third chemical, HFC-245fa. was also considered in this program, but was not evaluated 
experimentally due to difficulties in obtaining sufficient quantities for evaluation. 
PROPERTIES OF HFC-245ca and HFCi236ea 
Beyerlein et al. presented a technical paper listing the thermophysical properties of a number of new 
chemicals, including HFC-245ca and HFC-236ea. Additional properties of these materials supporting 
their potential use as blowing agents were provided by ~ m i t h . ~  In addition to these data, Knopeck et al.4 
reported both physical property data and results of foaming trials of four candidate zero ODP HFCs, 
including HFC-245ca and HFC-236ea. A comparison of some relevant properties of HFC-245ca and 
HFC-236ea with CFC-11 and HCFC-141b is presented in Table 1. 
Table 1. Blowing Agent Physical Property Comparison 
FORMULATION APPROACH 
Because HFC-245ca and HFC-236ea are not commercially available, experimental samples are relatively 
expensive. The high cost of the samples limited the scope of this effort to cursory formulation, 
development, and testing of manually poured foam panels. Based on our experience with HCFC-14lb. 
where substitution based on molecular weight ratios did not prove optimum, our initial approach was to 
evaluate the experimental blowing agents in an existing formulation at a 1:1 substitution for 
CFC- 11. This existing formulation is a hand pourable formulation based on a sucrose initiated polyol that 
exhibits good adhesion from cryogenic temperatures (-423 OF) to approximately 300 OF. Initial trials with 
this formulation blown with HFC-236ea resulted in poor foam cell structure, and further attempts to 
characterize the blowing agents using this formulation were abandoned. A more basic, urethane type 
system was then formulated to serve as a control formulation to provide a simple comparison of blowing 
agent effects. The A component of the control formulation was polymeric methyfene diphenyldiisocyanate 
(MDI) with a functionality of 2.7 and viscosity of - 180cp). The basic formulation of the B component for 
the control is outlined in Table 2. 
Boiling Point, "C 
Ozone Depletion Potential 
Atmospheric Lifetime, yrs 
Vapor Thermal Conductivity, 
Btu-in/hr-ft2-"F 
Heat of Vaporization, 
Bt~flb-m01 
Flammability , 
23.8 32.1 24.4 6.2 
1 0.12 0 0 
60 10 6.4 6.2 
0.057 0.072 0.095 0.100 
10,700 11,200 12,563 1 1,537 
none slight none none 
Table 2. B Component Formulation 
High molecular wt. trio1 
To blend the B component, a master batch containing everything but the blowing agent was prepared. 
This master batch was then split into three equal portions, one for each blowing agent. CFC-11 and HFC- 
245ca were added at 72°F. The HFC-236ea cylinder was cooled to 35" F before addition to the 72" F 
master batch. Cooling the master batch to 35" F before HFC-236ea addition was also attempted, but the 
high viscosity of the polyol at that temperature. made it difficult to achieve a uniform blend. The 
previously described method turned out to be suitable because the HFC-236ea did not exhibit an 
appreciable evaporation rate, when left undisturbed, after being blended with the polyol components. 
Both the HFC-245ca and HFC-236ea blended quite readily with mechanical agitation. Samples of the 
B component with blowing agent were left in glass bottles for a period of 3 months. The HFC-236ea 
blend showed no signs of separation after this period. The HFC-245ca blend exhibited slight separation at 
3 months, but was easily redispersed with agitation. 
REACTIVITY EFFECTS 
Cup reactivities were performed with the control formulation. The reactivity of the HFC-245ca was 
performed with the A and B components at 72°F. The initial attempt to evaluate HFC-236ea reactivity at 
ambient temperature. resulted in frothing of the B component and loss of blowing agent. In order to 
preclude blowing agent loss in the HFC-236ea formulation, the A component was maintained at 72°F and 
the B component was cooled to 35OF. Control reactivities were performed with the CFC-I I formulation at 
both of these initial component temperatures. Results of these cup tests are summarized in Table 3. 
Table 3. Cup Reactivities 
Cream time, sec. 
*Initial B component temperature was 35°F to preclude blowing agent loss. No catalyst adjustment was 
made to normalize reactivity. , 
These results show that the HFC-245ca has very similar reactivity characteristics to the CFC-11 control. 
The gel, tack-free, and rise times were approximately 8 to 14 % longer with the HFC-245ca than with the 
CFC- 11. It is expected that this is due merely to differences in the heat of vaporization in these materials, 
which could be easily accommodated by adjustments in catalyst level and/or component temperature. 
As anticipated, the HFC-236ea reactivity with an initial B temperature of 35°F was significantly slower 
than the CFC-I 1 with both components at 72 OF. However, when the reactivity of the CFC-11 system was 
evaluated with the A component at 72' F and the B component at 35"F, the cream time of the HFC-236ea 
system was shorter than the CFC- 11, while the gel and tack-free times were longer than the CFC-11 
blown sample. The shorter cream time was expected due to the difference in boiling points of the two 
materials. The extended gel and tack-free times of the HFC-236ea are suspected to be partially 
attributable to the high solubility of the HFC-236ea. 
Automated reactivity measurements were also made with the three blowing agents. Plots of foam reaction 
temperature and reaction height are presented in Figures 1 and 2, respectively. A comparison of the 
reaction temperatures of CFC- 11 and HFC-245ca with the A and B component temperatures initially at 
73OF shows that, after initiation of the reaction, the HFC-245ca exotherm begins to lag that of CFC-11. 
Comparison of CFC-11 and HFC-236ea with initial A and B component temperatures of 70°F and 35°F. 
respectively, shows the same characteristic. This is expected due to the difference in heat of vaporization 
of the two blowing agents, and should be resolvable with a more optimized catalyst system. 
In Figure 2, the foam reaction height profiles of CFC-I 1 and HFC-245ca with A and B temperatures 
initially at 73'F, show very similar trends. Comparison of CFC-1 I and HFC-236e.a with A and B 
temperatures of 70°F and 35°F. respectively. shows that the HFC-236ea begins to rise earlier and 
maintains a fairly constant rate of rise. The faster initial rise of the HFC-236ea blown foam is expected 
due to the low boiling point of the material. 
FOAM PROPERTIES 
Free Rise Foam Characteristics 
Free rise samples of each foam were tested for various physical and mechanical properties, and results are 
presented in Table 4. 
Table 4. Free Rise Foam Properties 
Compressive Strength, 
perpendicular to rise, Iblinz 
Flatwise Tensile Strength, 
parallel to rise, Iblinz 
Flatwise Tensile Strength, 
These values indicate that foams with approximately equivalent properties can be prepared using the three 
different blowing agents. 
Micrographs of free rise foam samples were prepared as a preliminary comparison of foam cell structure. 
These micrographs, presented in Figures 3 through 5, show that the HFC-245ca had a cell size and cell 
size distribution similar to CFC-11, and the HFC-236ea exhibited a slightly finer, more uniform cell 
structure. 
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Closed Mold Foam Pro~erties 
Closed mold test panels were also prepared with each of the three foam systems. These test panels 
consisted of a 14x24~2 in. mold into which a 0.125 in. thick aluminum test panel was placed for 
evaluation of foam adhesion characteristics. Moldpanel temperatures of 72°F and 1 15°F were evaluated. 
Table 5 presents the results of the panels prepared with a mold and panel temperature of 72°F. 
Table 5. Closed Mold Foam Properties, 72OF Mold and Panel Temperature 
-- 
Bond Tensile Strength (-320°F). Ib/inz 
* Test of foam adhesion to aluminum substrate 
** Cohesive strength of the foam. parallel to rise 
The cohesive strength of the three materials was comparable, with the HFC-245ca and HFC-236ea 
actually exhibiting slightly higher values than the CFC-11 control. Bond adhesion values to an aluminum 
substrate were also comparable when tested at ambient temperature; however, the KFC-245ca exhibited a 
coarse, high density layer approximately 1/8-in. thick adjacent to the aluminum substrate. Approximately 
65% of the specimens failed in this region. Almost all of the HFC-23th foam ambient tensile specimens 
failed at the substrate interface, leaving a thin polymer residue on the substrate surface. This 
characteristic is probably due to the short cream time and resulting poor wetting of the substrate with this 
lower boiling blowing agent. Further formulation development could probably overcome this issue. 
When tested at low (-320°F) and elevated (200°F) temperatures, the bond adhesion of the HFC-245ca 
compared favorably to CFC-11, while the HFC-236ea foam suffered a significant loss of adhesion. 
Because the HFc-%5ca foam samples prepared at 72OF mold and pane1 temperature exhibited a coarse, 
high density layer adjacent to the substrate, it was suspected that the heat sink effect of the aluminum 
panel contributed to this high density layer. Increased mold and panel temperature panels were prepared 
in an attempt to resolve this issue. Results of the testing performed at 1 lS°F mold and panel temperature, 
presented in Table 6, did not suppon this hypothesis. Bond adhesion of all three foams was significantly 
lower than those prepared at 72°F mold and panel temperature. The flatwise tensile strength of the CFC- 
11 and the HFC-245ca prepared at 11 5OF was comparable to the values obtained from panels prepared at 
72°F. The HFC-236ea, however, suffered a significant loss of both flatwise tensile strength and bond 
adhesion. Apparent closed cell content of these foam samples was also determined. Ihe CFC-11 and 
HFC-245c.a. while somewhat lower than optimum, were comparable at approximately 88%. The closed 
cell content of the HFC-236ea foam could not be determined due to drift in the air pycnometer. This 
would indicate that this foam has very permeable cell walls or widely distributed ruptured cells/open cell 
structure. More development work to optimize both the formulation and the application process could 
help overcome these issues. 
Table 6. Closed Mold Foam Properties, 115°F Mold and Panel Temperature 
~om~&ss ive  Strength, IbIin2 
Bond Tensile Strength* (ambient), lb/in* 
* Test of foam adhesion to aluminum substrate 
** No data 
THERMAL AND AGING CHARACTERISTICS 
Thermal conductivity of molded panels Q was also determined, both in the laboratory and independently 
by Oak Ridge National Laboratory (ORNL). 
Thermal conductivity of molded foam samples was performed in the foam laboratory using an Anacon 
TCA 8 thermal conductivity analyzer. Results of this testing are presented in Figure 6. These data 
indicate that both the HFC-245ca and the HFC-236ea had initial thermal conductivities approximately 
24% higher than CFC-11 (0.149 Btu-in/hr-ft2-OF versus 0.120 Btu-in/hr-ft2-O~). In these samples, the 
HFC-245ca appeared to be aging at a similar rate to CFC-11 while the HFC-23th appeared to age much 
faster. 
Molded panels were supplied to ORNL for determination of apparent thermal conductivity and a 
preliminary assessment of aging characteristics. For determination of apparent thermal conductivity and 
accelerated aging, the technique used by ORNL involves determination of thermal conductivity of a single 
full thickness test panel and, separately, determination of thermal conductivity of a stack of thin (3/8-in.) 
core slices from four panels. These test values are typically plotted as natural logarithm of 100 times the 
conductivity (In 100k) versus the square root of the aging time divided by the foam thickness. This 
results in linear regions with respect to foam age that can be useful in forecasting long term performance. 
In the model ORNL has developed, the full thickness test panel results typically compare closely to the 
thin slice results. 
Test results from the foam panels prepared for this study are shown in Figures 7 through 9. Each graph 
shows results of both the full thickness panel tests and the stacked thin slice tests. The full thickness and 
stacked thin slice values tracked very well for both the HFC-245ca and HFC-236ea. but the CFC- 1 1 full 
thickness panel results did not compare well to the thin slice results. Inspection of the CFC-11 full 
thickness panel revealed that it had a coarse, non-uniform cell structure and was probably not 
representative of actual material performance. This observation is being confirmed with additional 
testing. Thus, for the CFC- 11, the thin slice data are believed to be a better basis for comparison. With 
this disparity in mind, a cursory relative comparison of the trend between the CFC-11 thin slices and the 
HFC-245ca and HFC-23th data can be made. 
The thin sliced CFC-11 panels had an initial thermal conductivity of 0.1251 Btu-inhr-f$F, increasing to 
0.1583 Btu-in/hr-ft2'~ after 64 days of aging. The HFC-245ca thick panel exhibited an initial k-value of 
0.1453 Btu-inhr-ft&~, which increased to 0.1522 ~tu-in/hr-ftZ"F after 43 days of aging. The initial 
k-value of the thick HFC-245ca panel and the thin sliced panels differed by 2%. Overall, the HFC-245ca 
foam aging trend appeared to parallel that of the CFC-11 foam, but with values averaging 20% higher 
than those of the CFC-11 foam. 




The HFC-236ea thick panel had an initial k-value of 0.1778 ~ t u - i n i h r - f t ~ ~ ~ ,  increasing to 0.2278 Btu- 
in/hr-ft2"~, after 43 days of aging. The thin sliced panels appeared to be completely a ed at day 1. They 5, exhibited an initial k-value of 0.2333 Btu-in/hr-ft2"~, increasing to 0.2348 Btu-in/hr-ft F, after 43 days 
of aging. This would indicate that the HFC-236ea foam had a relatively open cell structure (supported by 
attempts to determine closed cell content) and/or that the HFC-236ea diffuses quickly from the foam. 
More studies will help understand and compensate for this characteristic. 
CONCLUSIONS 
Both HFC-245ca and HFC-236ea have been compared to CFC-11 as blowing agents in a simple, non- 
optimized urethane formulation. Both materials have been shown to have potential as foam blowing 
agents should they become commercially viable. 
The HFC-245ca foam exhibited similar handling characteristics and reactivity to the CFC-11 control. 
The boiling point and solubility of this material make it easy to blend and hand pour using conventional 
techniques. Mechanical and physical pr~perties of the HFC-245ca foam were also comparable to CFC-I 1 
except that the HFC-245ca foam exhibited a coarse, high density layer adjacent to the substrate. Also, the 
HFC-245ca foam exhibited an initial thermal conductivity approximately 16 to 22% higher than the CFC- 
11 control. These results indicate that HFC-245ca should be relatively easy to process using conventional 
equipment, but that changes in formulations may be required to approach equivalent insulation or 
adhesion characteristics (or other properties) compared to CFC-11 foam. 
The HFC-236ea blown foam was somewhat more difficult to prepare due to the lower boiling point of the 
material and resulting tendency to froth when mixed at ambient conditions. This characteristic resulted in 
poor wetting and adhesion to the aluminum substrate evaluated in this study. Additionally, the initial 
thermal conductivity of the foam prepared with HFC-236ea was between 23 and 44% higher than that of 
CFC-11 and it aged very quickly to a thermal conductivity approximately 50% higher than the CFC-11 
foam. These characteristics indicate that considerable more effort will be required to optimize a foam 
formulation and/or process to achieve satisfactory results with HFC-236ea as the sole blowing agent 
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ABSTRACT 
Thii paper describes the initial results of a refrigerant retrofit project at the Aerospace Guidance 
and Metrology Center (AGMC) at Newark Air Force Base, Ohio. Tbe objective is to convert selected 
types of test equipment to properly operate on hydrofluorocarbon (HFC) alternative refrigerants, having 
no ozone depleting potential, without compromising system reliability or durability. This paper 
discusses the primary technical issues and summarizes the test results for 17 different types of test 
equipment ten environmental chambers, two ulrralow temperature freezers, two coolant reckculators, 
one temperature control unit, one vapor degreaser, and one refrigerant recovery system. The post- 
conversion performance test results have been very encouraging: system capacity and input power 
remained virtually unchanged. In some cases, the minimum operating temperature increased by a few 
degrees as a result of the conversion, but never beyond AGMC's functional requirements. 
INTRODUCTION 
The repair of aircraft inertial navigation and guidance equipment requires the use of 
environmental chambers, coolant recirculators, and other types of test equipment which contain 
refrigeration systems. Tbere an? more than 70 different types of test equipment used for processing or 
evaluating the inertial and navigational devices that are repbed at AGMC. Each type uses at least one 
of the following refrigerants: R-12, R-13, R-500, R-502, and R-503. All of these refrigerants are 
classified as stratospheric ozone depleting substances under the Montreal Prot~col.'~ 
This paper describes the interim results of the refrigerant retrofit project at AGMC. The goal is 
to modify various types of existing test equipment to properly operate on alternative refrigerants that 
have no ozone depleting potenrial without compromising system reliability or durability. Selecting a 
replacement refrigerant and lubricant for a given application involves the consideration of several factors 
including thermodynamic performance (cooling capacity and power consumption), environmental 
properties, materials compatibility, system reliability and durability, refrigerant and lubricant availability, 
chemical stability, flammability, and toxicity. Moreover, the equipment conversions must be technically 
feasible, cost effective, and the converted units must be safe to operate. 
At a time when many equipment suppliers are marketing new products using hydrofluorocarbon 
(HCFC) refrigerants which have low ozone depleting potentials (primarily R-22 and mixtures based on 
R-22), this project focuses solely on hydrofluorocarbon (HFC) refrigerants that have no ozone depleting 
potential. This paper describes the technical approach and the primary lessons learned from the 
conversions completed prior to April 1, 1994. 
REFRIGERANTS 
CK Refrigerants 
The Montreal Protocol and the subsequent upgrades of this historic international a g m e n t  
require the near-term phase out of chlorofluorocarbon (CFC) refrigerants including: R-11, R-12, R-113, 
R-114, and R-115. These same regulations also affect some commercially important azeotropic 
refrigerant mixtures3: 
CFC-500 CFC-12 (74 percent) and HFC- 152a (26 percent) 
CFC-502 HCFC-22 (49 percent) and CFC-115 (51 percent) 
CFC-503 HFC-23 (40 percent) and CFC- 13 (60 percent). 
HFC Refrigerants 
The HFC refrigerant that appears to be the best alternative for both R-12 and R-500 in 
medium-temperature and high-temperature applications is R-134a. The operating pressures and 
thermodynamic performance of R-134a are very comparable to R-12 in those temperature regimes. 
Several compressor manufacturers now market hermetic and semi-hermetic compressors made 
specifically for R- 134a. 
Some HFC replacements for R-502 are now available commercially. This project has focused 
on R-404a (more specifically DuPont SUVA' HP62), a near-azeotropic mixture of R-l25/143a1134a. 
DuPont provided sample quantities of SUVA' HP62 for use in this project beginning in July 1993. ' h e  
properties of R-404a and R-502 are so similar that no significant performance change is expected. 
However, the higher operating pressures for R-404a has made it necessary to increase the pressure relief 
valve setting from 325 psig (2.34 kPa absolute) to 350 psig (2.52 kPa absolute). 
Refrigerant R-23 has been produced commercially for several years but it has normally been 
combined with R-13 to create R-503, an azeouopic mixture used in low temperature refrigeration 
applications. Based upon its thermodynamic properties, R-23 appears to be the best HFC alternative for 
both R-13 and R-503. The properties of R-23 and R-13 are so similar that no performance change is 
expected in these cases. However, an increase in the minimum operating temperature is expected when 
R-23 is substituted for R-503 because there is a 12 F difference in their normal boiling points (-127.6 F 
[-88.7 C] for R-503 compared to -115.7 F [-82 C] for R-23)'. 
HCFC Refrinerants 
The present regulations concerning HCFC refrigerants allow their use in new equipment until 
the year 2015 and in existing equipment until 2020. However, it is likely that the phase-out schedule 
for the HCFCs will be accelerated closer to the year 2000. 
On a worldwide basis, the most widely used HCFC refrigerant is R-22 which has a low ozone 
depletion potential5. Candidate alternatives for R-22 are W i g  evaluated by a consortium of 
manufacturers in a project called ARl's R-22 Alternative RefigeranSs Evaluation Progrmd. DuPont, 
Allied Signal, and other refrigerant producers have made sample quantities of various HFC refrigerants 
candidates for this work. However, it is not yet clear which candidates will eventually become the 
replacements for R-22 and production quantities of the replacement refrigerants are not expected to be 
available until 19%. Consequently, there are no plans (within the scope of the present project) to 
retrofit any test equipment that utilizes R-22. 
Pro~rietary Refrigerants 
A few of the equipment types at AGMC operate using a proprietary refrigerant which is a 
combination of CFC-13, CFC-14 CFC-114 and R-740 (argon). Tbe manufacturer of this equipment has 
developed a dropin replacement which is a different praprietary mixture of HCFC, HFC, and 
hydrocarbon gases that substantially reduces the ozone depletion potential. However, there are no plans 
to retrofit any of AGMC's test equipment that use this proprietary refrigerdnt as part of the present 
project. 
LUBRICANTS 
The minerals oils normally used with CFC refrigerants are not miscible in the HFC refrigerants. 
After considering several alternatives of various lubricant types including alkylbenzenes and ply-  
, - allcylene glycols (PAGs), the leading independent compressor manufacturers selected polyol ester oils 
(POEs) for use with HFC refrigerants. However, at this point in time, Copeland, Bristol, and Tecumseh 
each mmmend a diiferent polyol ester for use in their respective products. Copeland endorses 
Mobil's EAT.,- Arctic 22 CC, Temseh approves Castrol's SW-32, and Bristol favors ICI's RL32S. 
These compressor manufactums are now working to qualify additional candidates. For the present 
work at AGMC, the selection of the polyol ester lubricant is keyed to the compressor manufacturer 
except for the R-23 applications as described in the paragraph which follows. 
The polyol qter that appears to be the best choice for use with refrigerant R-23, regardless of 
the compressor manufacturer, is CPI's Solest@ LT-32. Preliminary tests indicate that Solest@ LT-32 can 
be used with R-23 in low temperature applications without the addition of a hydroarbon (such as 
propane) that has traditionally been used with mineral oils. Another factor in the decision to select 
Solest@ LT-32 f a  this project is that procurement regulations make it difficult for the Air Force 
maintenance staff to obtain propane f a  these uses. Table 1 summarizes the alternative refrigerants and 
lubricants applied to the retrofit of AGMC's test equipment. 
SYSTEM COMPONENTS 
As previously mentioned, compressor manufachrrers are beginning to market compressors and 
condensing units designed specifically for use with R-134a and R-4041. Compressors previously used 
for applications with R-13 and R-503 can be used with R-23 after the mineral oil is thoroughly removed 
and replaced with polyol ester oil. 
Beyond the compressor and the heat exchangers, the other system components that must be 
considered include thermostatic expansion valves, capillary tubes, oil separators, suction accumulators, 
liquid receivers, solenoid valves, hot gas bypass valves, pressure relief valves, and filter-driers (Figure 
1). Suppliers of these various components already have products on rbe market that are intended for use 
with the HFC alternative refrigerants listed in Table 1. 
Table 1. Alternative Refrigerants and Lubricants 
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Figure 1. Typical Cascade Refrigeration Circuits 
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MATERIALS COMPATIBILITY 
The most significant research work on materials compatibility regarding alternative refrigerants 
and lubricants is being done by a consortium called the Air Conditioning and Refrigeration Technology 
Institute (ARTI). Richard Ernst presented a summary of ARTI's work at the 1993 ASHRAE/NIST 
Refrigerants Conference that focused on R-2UR-5026. ARTI's scope includes three of the HFC 
alternative refrigerants listed in Table 1: R-134% R-125, and R-143a (note that R-404a is a blend of 
R-125/143a1134a). The remaining alternative refrigerant, R-23, is not included. Refrigerant R-23 has 
been widely used in refrigerant systems for many years and is known to be cokparatively benign from a 
materials compatibility standpoint. 
A summary of the results of ARTI's work regarding compatibility of refrigerants and lubricants 
with motor materials appeared in a recent journal article7. The compatibility of elastomers with 
refrigeranflubricant mixtures has also been reported. Like their CFC predecessors, the selected HFC 
refrigerants and lubricants have little effect on the metals found in refrigerant systems (e.g., iron, steel, 
aluminum, and brass). The results of ARTI's work provides the primary basis for the position that the 
alternative refrigerants being retrofitted into AGMC's equipment are as compatible with the materials in 
the refrigeration systems as the original CFC refrigerants. 
CONVERSION STEPS 
Procurement of the new refrigerant, lubricant, and all replacement components should be 
completed prior to starting any conversion. One of the more important decisions is whether or not to 
replace an existing compressor (or condensing unit). The factors to consider are the age of the 
compressor relative to its expected life, the condition of the equipment prior to the conversion, the 
system reliability requirements, and the potential labor cost savings associated with changing out the 
compressor instead of flushing out the mineral oil using the procedures which follow. In general, nearly 
all of the hemetic and semi-hennetic compressors encountered tbus far at AGMC have been replaced 
with new units, ones specifically designed for the new refrigerant wherever possible. 
The conversion steps applied in this project are based on inputs from several  source^^^'^^". The 
major steps f a  converting each refrigerant circuit are as follows: 
1. Recover the CFC refrigerants using EPA-approved equipment. 
2. Change out the compressor (if appropriate) and other circuit components (such as relief 
valves or liquid receivers). Thoroughly drain the lubricant from the compressor, 
suction accumulator, and other potential collection points. 
3. Install a fresh charge of polyol ester oil into the compressor. Replace the filter-drier. 
Evacuate the circuit to 250 microns maximum, and re-charge the system with the 
original CFC refrigerant (unless the CFC refrigerant quality had been compromised by 
a motor burn-out or other event). 
4. Run the compressor for at least 4 hours (24 hours is preferable) to allow residual 
mineral oil to collect in the compressor's sump. 
5. Recover the CFC refrigerants, thocoughly drain the oil, and test for residual mineral oil 
(using a test kit or a refractometer). 
6. Repeat Steps 3 through 5 two more times to flush out the residual minetal oil so that 
there is no more than about 1 percent mineral oil in the circuits. 
7. Pressurize the system to 150 psig (1.14 kPa absolute) with dry nitrogen and monitor 
pressure decay for at least one hour to test for leaks. 
8. Evacuate the circuit w 400 microns static vacuum as a preliminary step. Release the 
vacuum and quickly change the filter-drier and install a fresh charge of polyol ester 
oil. 
9. Evacuate the circuit to 150 microns static vacuum maximum and then charge the 
circuit with the HFC replacement refrigerant. 
10. Operate the unit at steady-state conditions and adjust the refrigerant charges and the 
thennostatic expansion valves as required. 
11. Change the placards to clearly indicate the new refrigerant and oil charges. 
The above basic steps are modified as appropriate to suit each different type of test equipment. 
STATUS SUMMARY 
Prior to April 1, 1994, one sample of 17 different types of test equipment have been converted 
and functionally tested to validate the changes (Table 2). Included on this list are ten environmental 
chambers, two ultralow tempelam freezer, two coolant recirculators, one specially-built temperature 
control unit, one vapor degreaser, and one refrigerant recovery system. 
The post-conversion performance test results have been very encouraging. In most cases, the 
minimum set point temperature increased by a few degrees as a result of the conversion, but never 
beyond the functional requirements. For example, the minimum set point on one environmental 
chamber inmased from -73 C (-99 F) to -71 C (-96 F) which still satisfies the -65 C (-85 F) 
requirement for this particular equipment type. 
CONCLUSIONS 
The primary conclusions drawn from the work consist of the following: 
8 Suitable HFC alternatives for CFC refrigerants are commercially available. 
The HFC alternative refrigerants are not "dropinw replacements but the measured 
performance changes have been small. Replacing R-23 for R-503 creates the largest 
differencethe minimum operating temperature increases by about 12 F (7 C). 
Lubricant producers have developed polyol ester lubricants which appear to meet the 
system requirements in tenns of miscibility, lubricity, and materials compatibility. 
Compressor manufacturers are developing a data base on many alternative 
refrigerantflubricant combinations. 
@ Suitable filter-driers and other refrigerant system components are currently available. 
Table 2. Refrigerant Conversion Experience at Newark Air PMce Base 
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ABSTRACT 
In response to the Air Force directive to remove Ozone Depleting Chemicals 
(ODCs) from military specifications and Defense Logistics Agency's Hazardous Waste 
Minimization Program, we are faced with how to ensure a quality aviation fuel without 
using such chemicals. Many of these chemicals are found throughout the fuel and fuel 
related military specifications and are part of test methods that help qualify the properties 
and quality of the fuels before they are procured. Many years ago there was a directive 
for military specifications to use commercially standard test methods in order to provide 
standard testing in private industry and government. As a result the test methods used in 
military specifications are governed by the American Society of Testing and Materials 
(ASTM). The Air Force has been very proactive in the removal or replacement of the 
ODCs and hazardous materials in these test methods. For example, ASTM D3703 
(Standard Test Method for Peroxide Number of Aviation Turbine Fuels), requires the use 
of Freon 113, a known ODC. A new rapid, portable hydroperoxide test for jet fuels 
similar to ASTM D3703 that does not require the use of ODCs has been developed. This 
test has proved, in limited testing, to be a viable substitute method for ASTM D3703. 
The Air Force is currently conducting a round robin to allow the method to be accepted 
by ASTM and therefor replace the current method. This paper will describe the Air 
Force's initiatives to remove ODCs and hazardous materials from the fuel and fuel 
related military specifications that the Air Force Wright Laboratory. 
INTRODUCTION 
The 1990 Clean Air Act Amendments requires phasing out the domestic use of 
Ozone Depleting Chemicals (ODCs) by 1995. Section 326 of the National Defense 
Authorization Act of Fiscal Year 1993 mandates the Department of Defense (DoD) to 
stop requiring the use of ODCs within specifications and standards in contracts awarded 
after 1 June 1993. Air Force personnel were also directed by the Secretary of the Air 
Force and Chief of Staff to review all standards, specifications, and engineering 
handbooks for required use of materials identified by the EPA as Hazardous/Toxic 
(HAZTOX) and ODCs. The HAZTOX materials are better known as the 17 chemicals of 
the EPA's 33/50 source reduction program as listed in Table 1 [I]. 
As the preparing activity and technical focal point of the Air Force fuel and fuel 
related material specifications (listed on Table 2), the Fuels Branch of Wright 
Laboratory's Aero Propulsion and Power Directorate has been looking at alternatives to 
the ODCs and HAZTOX materials. There have been several programs initiated in order 
to allow the procurement of quality and environmentally safe fuels. 
BODY 
The aviation fuels required by the military' services are procured by the Defense 
Fuel Supply Center (DFSC) of the Defense Logistic Agency (DLA) using military 
specifications that require the fuel to meet certain property standards. The Fuels Branch 
of Wright Laboratory (WLIPOSF) is the preparing activity of these specifications. The 
fuel quality results from it's properties and through proper handling of the fuel. The 
properties are monitored through many standardized test methods listed on the military 
specification. In the past, Federal Test Methods were developed to evaluate fuels. In 
order to obtain cost reduction and create standardization between military and 
commercial jet fuels, there has been a transition away from Federal Test Methods to 
commercial test methods, in particular, test methods standardized by the American 
Society for Testing and Materials (ASTM). Additives required in military aviation fuels 
are also monitored by commercial test methods governed by ASTM. 
Some of the test methods used in the military specifications require the use of 
ODCs. With the enactment of the 1990 Clean Air Act Amendments and Section 326 of 
the National Defense Authorization Act of Fiscal Year 1993 the Air Force was faced with 
the immediate removal of ODCs from the fuel specifications. Unfortunately the Air 
Force has only one vote in ASTM and removal of the ODCs would not occur before June 
1993. DLA received an ODC waiver until 1 December 1993. Private industry has until 
1995 to phase out Class I ODCs. In order to comply with the regulations, DLA will not 
require the use of ODCs when buying military items from the manufacturer. If the 
manufacturer decides to use ODCs during production then it is their responsibility to 
phase the ODCs out of their manufacturing process by 1995 in order to comply with the 
law. DLA is using the same interpretation to the American Society of Testing and 
Materials (ASTM) test methods that are listed in the fuel specifications. They regard the 
commercial test methods as a commercially packaged test method. The government can 
not unilaterally change these commercial methods. If ASTM requires the use of an ODC, 
they must phase the ODC out by 1995 in order to comply with the law. This alleviates 
the immediate ODC problems for DLA using the ASTM test methods [2]. The Air Force 
has taken a different position concerning this matter. The Air Force will not allow the 
use of any Class I ODC as of 1 December 1993. So, even though DLA will buy items 
from industry that use ODCs during their manufacturing, the Air Force will not be 
allowed to test their quality using any Class I ODCs. In summary, the Air Force policy 
on ODCs, regardless that they were part of commercial test methods, is to remove them 
as soon as possible. 
As preparing activity, WLPOSF reviewed all of their fuel and fuel related 
specifications, the test methods, and the fuel additives to determine which required the 
use of ODCs. Five test methods which were included in nine military specifications were 
found to contain ODCs. All of the test methods were governed by ASTM and are Jisted 
in Table 3. The Fuels Branch wrote a letter to ASTM detailing the Air Force positidn and 
suggesting the removal of ODCs from their test methods. In the subsequent meetings of 
the committees governing the test method WLPOSF personnel have been representing 
the Air Force and working with ASTM to remove the ODCs. 
Tnhle 3 -  Test Methods Containing ODCs 
ASTM D3703 
The Air Force and ASTM efforts have been very successful. Currently the ODC, 
freon, which was used as a flushing fluid has been removed from ASTM D2276 [3] and 
D5452 [4] and petroleum ether is the current approved replacement. A task force is 
currently looking for a replacement to freon, which is used as a cleaning solvent, in 
ASTM D4306 [5]. Freon, also used as a cleaning solvent, has been removed from ASTM 
D4308 [5] and substituted with either a toluene/isopropyl alcohol mixture or n-heptane. 
Fuel by Line Sampling 
Standard Test Method for Peroxide Number of Aviation Turbine 
ASTM D4306 
ASTM D4308 
ASTM D5452 
The final ODC that needed to be removed from the military specifications was in 
the peroxide test. The determination of peroxide number is very important for aviation 
fuel, especially fuel that has been in storage for more than six months. Peroxides can lead 
Fuels 
Standard Practice for Aviation Fuel Sample Containers for Tests 
Affected by Trace Contamination 
Standard Test Method for Electrical Conductivity of Liquid 
Hydrocarbons by Precision Meter 
Standard Test Method for Particulate Contamination of Aviation 
Fuels bv Laboratorv Filtration 
to gums and deposits that clog fuel nozzles and degrade engine components. A new, 
rapid, portable hydroperoxide test for jet fuels, similar to ASTM D3703 151, that does not 
require the use of ODCs has been developed by the University of Dayton Research 
Institute (UDRI), sponsored by WLPOSF. The Peroxide in Fuel Estimation and 
Concentration Test, called PERFECT, is a rapid, portable method suitable for laboratory 
use or in remote areas. It was developed to determine the hydroperoxide content of 
stored and transported fuels. It uses a voltarnrnetric based detection system with a solid 
probe. The PERFECT also reduces sample size by 90%, reduces laboratory waste by 
95%, and can analyze samples twelve times faster than the old method [6]. As preparing 
activity of the aviation jet fuel specifications, WLPOSF has established a team of Air 
Force, Army, Navy, Defense Fuel Supply Center, and industry personnel to expedite 
development of the new environmentally safe peroxide test into an industry accepted test 
method to be used in both military and commercial aviation jet fuel specifications. To 
prove this technology, a preliminary round robin was completed in April 1994 and 
resulting data presented to the Coordinating Research Council Aviation Fuel Committee 
meeting in April. The test results were well received and has resuIted in many inquiries 
about standardizing this test method for commercial diesel fuels as well as aviation 
turbine fuels. In June 1994, W P O S F  managed a larger round robin test program that 
included ten different military and commercial laboratories testing both diesel and 
aviation fuel samples. The purpose of this test was to prove the technology of the test 
method and provide ASTM with the data needed for ASTM approval. The test data was 
well received by the ASTM committees and the new method is currently being balloted 
to become an ASTM standard test method. WLPOSF is currently revising the military 
specification for aviation fuel, JP-5, to require the use of the PERFECT test method thus 
eliminating the use of ODCs. 
Although the timely removal of ODCs from military specifications have been first 
priority, there are other environmental concerns, like the EPA 33/50 program. Currently 
this has been a voluntary program for industry to reduce national pollution releases and 
off site transfer of 33% in 1992 and 50% in 1995 of the chemical groups listed in Table 1 
[I]. DLA has adopted the EPA's 33/50 source reduction program under the Defense 
Logistics Agency's Hazardous Waste Minimization Program. The objectives of the 
program are to reduce the generation of hazardous waste by reviewing and revising 
military specifications to prevent hazardous waste generation [7]. Air Force personnel 
were also directed by the Secretary of the Air Force and Chief of Staff to reduce the use 
of hazardous materials in the operation of our weapons systems and on our bases [8]. As 
a result of these directives, the Fuels Brm-ch has been working with DFSC and ASTM to 
reduce and possibly remove these chemicals from military specifications and test 
methods. DFSC has created a data base of all the chemicals required by a11 of the 
specifications used to procure aviation turbine fuels. The data base has been a very 
valuable tool in determining which test methods and specifications need to be reviewed 
for possible hazardous materials. WLPOSF has been working with ASTM to develop 
possible replacements for some of the hazardous materials. In particular, toluene is used 
in many test methods. It has been proposed for some tests a 50/50 mixture of Reptane 
and isopropanol may be used as a replacement. Additive manufacturers whose additives 
contain chemicals listed on the EPA's Chemical List have been contacted to look at 
potential alternate formulations for their additives. The Fuels Branch is also sponsoring a 
non toxic fuel system icing inhibitor (FSII) program, which is trying to replace the 
current FSII, diethylene glycol monomethyl ether, with a non toxic additive. 
There still remains questions concerning the guidance the Fuels Branch has been 
given regarding the EPA 17 Chemicals. It is a Air Force Materiel Command (AFMC) 
goal to reduce them by 50% before 3 1 December 1996 and to near zero by 3 1 December 
1999, using 1992 baseline. The top five chemicals, Methylene Chloride, 
Perchloroethylene, Methyl Ethyl Ketone, Trichloroethane, and MIBK make up 90% of 
the EPA-17 purchased by AFMC in 1992 [9]. As mentioned, ASTM and the Fuels 
Branch are looking at alternatives but no mandates have been made. Once specific goals 
concerning specifications have been established the Fuels Branch, utilizing DFSC's data 
base will respond. 
CONCLUSIONS 
Removal of ODCs from military fuel and fuel related specifications has been first 
priority for the Fuels Branch of Wright Laboratory. Working with ASTM, many of the 
ODCs have been removed. The D4306 test method that still requires an ODC is being 
studied for replacements. The new peroxide test method has been successfully tested and 
is currently replacing the old test method that utilizes ODCs. It is envisioned that it will 
become an industry standard. 
Although the Fuels Branch has not been mandated to remove the EPA-17 
Chemicals from the specifications and test methods, potential substitutes are currently 
being considered. Environmentally friendly additives are being developed for fuels. 
ASTM and DFSC have shown great cooperation and commitment to help in the removal 
of these chemicals. 
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Spectrex, Inc., located in Cedar Grove, NJ is a manufacturer of fire detection and suppression 
equipment. Spectrex is one of the original pioneers in high speed fire detection and suppression 
systems for combat vehicles. Spectrex has installed fire suppressions systems in thousands of 
combat vehicles and ships throughout the world. Additionally, they manufacture flame explosion 
detectors, ship damage control systems, and optical gas and vapor detectors. 
The culmination of several years of research and development has recently produced an 
innovative electro-optical continuous monitoring sys tems called SharpEye 201201 IR3 and 
SAFEYE that provide fast and reliable gas, vapor, aerosol, flame, and explosion detection. 
SharpEye 20/20I I R ~  is a self-contained triple spectrum flame detector which scans for oscillating 
IR radiation (1 to 10 Hz) in the spectral bands ranging from 4.0 to 5.0 microns and uses 
programmed algorithms to check the ratio and correlation of data received by the three sensors 
to make the system highly immune to false alarms. It is extremely sensitive as it can detect a 
1x1 square foot gasoline pan fire at 200 feet in less than 3 seconds. The sensitivity is user- 
programmable, offering 4 ranges of detection. 
SAFEYE is comprised of a selected number of multispectral ban microprocessors controlled 
detectors which are in communication with one or more radiation sources that is projected along 
a 600 feet optical path. The signals from the selected narrow bands are processed and analyzed 
by highly sophisticated algorithms. It is ideal for high risk, remote, large areas such as petroleum 
and chemical manufacturing sites, waste dumps, aircraft cargo bays, and ship compartments. 
The SAFEYE will perform direct readings of the presence or rate of rise of concentrations of 
gases, vapors, or aerosols at the range of parts per million and provide alarms at various set 
points at different levels of concentrations. 
IN SEARCH OF A HALON ALTERNATIVE 
However, without an efficient, environmental friendly extinguishing agent, detection technological 
advances such as the SAFEYE can solve only part of the fire extinguishing problem. When 
Halon 1301 was rapidly being taken from our arsenal of agents because of the Montreal Protocol, 
we began an aggressive search for a Halon Alternative. Spectrex took the philosophical approach 
"Don't think you are necessarily on the right track just because it's a well-beaten path ". 
Spectrex's research, development, and engineering team went back to the basics of fire 
extinguishment by looking at the technologies that most efficiently attacked the basic contributors 
of a fire: fuel, oxygen, heat, and chemical process. The Spectrex R&D team conducted a 
worldwide technology search for the most promising technologies. 
SPEeTREX R&D EFFORT 
As a result of their R&D efforts, they have registered patents and continue the development of 
three promising technologies. 
1. The first is an Electric Field Extinguishing Method 
2. The second is extinguishing by using micron size dry powders. 
3. The third method is not an extinguisher, but a method of converting halon/CFCs into non 
ozone-depleting materials. 
1. NOVEL METHODS OF EXTINGUISHMENT (ELECTRIC) 
The application of an electric field to a combustion system can produce potentially useful results 
either increasing the efficiency of the flame or reducing its efficiency to the point of 
extinguishment. When a strong electrical field is applied to the base of certain types of fires, it 
will result in extinguishment of the fire. 
Electrical Field Extinguishment (Mechanism) 
An electric field applies several mechanisms that extinguish fires. The electric field creates an 
Ion Wind that dissipates the heat, inhibits the oxygen and fuel to support the fire, and interferes 
with the chemical reaction involved in the combustion. We have extinguished fires fiom fixed 
locations for the electric field generator and from portable units which allow us to manually 
direct the generated electric field to the base of the fire thus causing extinguishment. An intense 
electric field and/or gaseous plasma is directed at the base of the fire; extinguishment can occur 
by means of a corona discharge. The most efficient corona device for the extinguishment of pool 
flames appears to be a thin wire n~oving parallel to the liquid surface at the rate of about l o a d s .  
The remarkable extinguishing capability is explained by the unique sharp velocity profile 
associated with a maximum high velocity of up to 3 d s  which occurs 1 to 2 millimeters above 
the liquid surface. 
Electrical Field Extinguishment (Limitations) 
At this point in our development, we know of the following limitations: 
We need to know in advance the configuration of the fire. 
Can only extinguish a limited fire surface area. 
Equipment must be tailored to specific applications. 
Electrical Field Extinguishment (Advantages) 
However, the following advantages exist: 
It is a non-ozone depleter, clean, fast, safe, and quiet. 
It can be applied in an unlimited number of operations. 
There are no consequences to unwanted activation. 
There is great potential savings in weight and volume. 
I see this technology as having great potential for automotive and aircraft engine applications as 
well as tank farm fires. 
2. SFE-NOVEL EXIlNGUISHING MATERIAL 
The second novel extinguishing material is called SFE or EMAA, Encapsulated Micron Aerosol 
Agent. EMAA is the product name assigned to SFE by the USAF under a Cooperative Research 
and Development Agreement between Spectrex and the USAF. SFEIEMAA is a family of agents 
that are originally in solid, powder, or gel form. When the SFE burns, it forms an aerosol cloud 
which has powerful extinguishing capabilities. We have developed various chemical 
formulations, and it can be manufactured and tailored to meet any shape or size requirements. 
SFE-Extinguishment (Mechanism) 
SFE agent is at least 5-7 times more powerful than halon 1301 in terms of fire extinguishment, 
weight, and volume. The reason that SFE is so effective is that it attacks the fire's structure by 
interfering in the chemical chain, by absorbing heat extremely well, by hindering the flame 
propagation, and by disturbing the rate of burning. SFE is composed of small particles, less than 
1 micron in size mixed with gases, primarily nitrogen and oxygen. The agent consists of about 
60% gases and 40% particles. Once ignited the aerosol that is produced stays suspended for 
substantial amounts of time. It has a superior total flooding capability that allows it to quickly 
fill the entire volume of an area regardless of obstacles. 
Extinguishing Comparison 
A comparison of various performance parameters of Halon 1301, Gaseous Replacements, C02, 
and SFE shows the many advantages that SFE has over the other agents. SFE is an extremely 
environmentally-friendly agent, a zero ozone depleter, and practically zero in Global Warming 
Potential. Although testing is not complete, recent toxicological analysis by the Naval Medical 
Research Institute has shown SFE to have a low toxicity rating. A post fire analysis shows that 
the air consists of 78-79% Nitrogen, 18-20% Oxygen, .4-2.3 % Carbon Dioxide, .19-.56% 
Carbon Monoxide, 1-300 PPM of hydrocarbons, and traces of other elements depending on the 
formulation. These results strongly indicate that the products produced fall in the range of low 
to no toxicity. In addition, we have recently received notice from the EPA as a part of its 
Significant New Alternatives Policy (SNAP) program that SFE is acceptable for use in normally 
occupied areas, pending medical assessment by a peer review panel. 
SFEIEMAA Applications 
Even if the environmental issues were not important, the fact that SFE provides substantial 
reductions in weight, volume, and cost is enough to make this technology very attractive to the 
marketplace. SFE can be developed and adapted into fire extinguishing systems that can satisfy 
fire protection requirements of many commercial and military applications. For example, our 
many experiments have shown that SFE is very kind to electronics, leaving very little residue on 
printed circuit boards. Another promising application of SFE appears to be with aircraft cargo 
bay fires where weight and volume are of great importance. 
Additional advantages of SFE are listed below: 
SEE can be easily combined with various detection technologies or designed as a simple, 
stand-alone system. 
SFE helps prevent fire reignition. A common problem with halon and C02 extinguishing 
systems is that fires reignite after the agent dissipates. We have not experienced 
reignition in our tests to this point. 
SFE can be activated while immersed in water or fuel and extinguish a fire on the 
surface. SFE percolates through the fuel or water to extinguish the flames. 
Advantages of SFE'JEMAA 
DOD needs an efficient agent to meet critical survivability issues. SFE appears to address many 
of those issues. This is not a technology that represents just a marginal improvement over halon 
1301; it appears to be at least five times more effective in terms of weight and volume and thus 
clearly represents a leap ahead in technology. SFE shows great promise of being adapted to 
many commercial and defense applications thereby reducing life cycle costs. 
And we should not forget the engine that is driving this train, environmental issues such as ozone 
depletion and greenhouse warming. SFE clearly addresses these major environmental issues and 
appears to be a solution. 
3. CONVERSION OF HALONS/CFCs INTO NON OZONE-DEPLEXING MATERIALS 
The third technology that I would like to briefly describe is a system aimed at protecting the 
stratosphere from accumulation of ozone destroying halogen atoms. Upon detection of the 
release, escape, or discharge of halogenated hydrocarbon into the atmosphere, we can apply 
concentrated energy sources at the halocarbons which separate the halogen atom from the halon 
carbon molecule. The separated halogen atom is converted to a halide salt as a result of being 
energized. The products of such a reaction can be controlled by the amount of energy applied 
to the material. 
Our Halogenated Hydrocarbon Neutralization system can be designed to be portable or 
permanent, and activated manually or automatically. It can be added to any system that uses 
CFCs as refrigerants or halons for fire extinguishing agents. For example, the halogenated 
hydrocarbon neutralization system can be designed so as to continuously monitor the halon 
carbon concentrations within the air conditioning enclosure and block the flow of ozone- 
depleting species from leaving the enclosure. We have designed a system that is composed of 
a detection unit capable of detecting small amounts of halon/CFCs that have been accidently been 
released into the air and a pumping device which draws the air containing the halocarbons into 
a cyclone separator where heavy haloncarbons are separated from the air. The haloncarbons are 
pumped into a dissociation chamber where energy pulses delivered by means of radiation cause 
complete cleavage of the halogen atom from the molecule. The product of the dissociation are 
pumped into the reaction chamber where the halogen products of the selected dissociation are 
scrubbed, absorbed, or treated with alkali materials to produce harmless salts. 
CONCLUSION 
We believe that there are solutions to many of our environmental problems and some of the 
technologies presented by Spectrex show promise in making our environment safer and cleaner. 
The technologies explained above are at the technological forefront of today's fire extinguishing 
and environmental research and show great promise for improving techniques for extinguishing 
fires while preventing damage to the environment. 
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For more than two decades, halon 1301 has been protecting personnel and valuable aircraft and 
aerospace equipment from the hazards of fire. Only halon 1301 offered the advantages of being 
clean, odorless, colorless, electrically non-conductive and safe for occupied areas. However, 
concerns about the depletion of stratospheric ozone and the resulting Montreal Protocol 
mandated the production phase-out of halon 130 1 on December 3 1, 1993. 
Prior to this phase-out, Great Lakes Chemical Corporation, the world's l e a d ~ g  manufacturer of 
halon, directed substantial research efforts toward the rapid development of a safe, clean, and 
effective halon replacement. Some of the criteria for the development of a clean agent included: 
that it be an effective fire extinguisher; 
that it be safe for personnel; 
that it be safe for the environment; 
that it be safe for valuable assets; 
that it be cost effective; and, 
• that it be able to withstand the rigors of independent approvals. 
Much effort was put into this endeavor. As a result of this research, Great Lakes developed FM- 
200m. Chemically FM-200TM is 1,1,1,2,3,3,3-hepta-fluoropropane. The molecular structure 
for FM-200m is as follows: 
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Studies show that the decomposition of FM-200TM begins with loss of the single hydrogen atom. 
This provides a point of reaction giving FM-200m a low atmospheric lifetime of 3 1 years. FM- 
200m, unlike its predecessor halon 1301 contains no bromine and has a zero ODP. 
The physical properties of FM-200m compared to halon 1301 are: 
FM-200TM is an effective fire extinguisher and is U.L. listed at a concentration of 5.8% v/v for 
Class A fires. For Class B fires, 5.5 to 6.7% v/v of FM-200m will extinguish fires fiom 
unleaded gasoline, aviation gasoline, number 2 diesel, n-heptane and hydraulic fluid. FM-200m 
is also effective against Class C hazards and is approved for this use by U.L. and FM (Factory 
Mutual Research Corpcgation). 
As a fire suppression agent, FM-200m is more of a physical-acting agent compared to halon, 
which is primarily a chemical-acting agent. FM-200m physically removes heat fiom the flame 
fiont. This lowers the flame temperature and reduces the combustion reaction rate to the point 
where the combustion reaction can no longer sustain itself. Furthermore, it is likely that 
extinguishment by FM-200m also involves a chemical mechanism. Trace amounts of Fluorine 
are released from the FM-200m molecule and reacts with transient combustion species in the 
chain propagation reactions. This ultimately halts these reactions. Because of this slightly 
different flame suppression mechanism, the design concentration of FM-200m, accounting for a 
higher molecular weight, is 1.66 v/v times higher than haion. Extinguishant times are less than 
10 seconds or about the same as halon 130 1. 
In addition to its efficiency as an extinguishant, FM-200m has been thoroughly tested and is 
proven safe for occupied enclosures. The acute toxicity of FM-200m is above 800,000 ppm. At 
80% concentration (800,000 ppm) in 20% oxygen, all the animals survived exposure. The 
cardiac sensitivity of FM-200m was tested. Based on the results of these tests, the U.S. EPA 
SNAP assigned a NOAEL of 9% v/v and a LOAEL of greater than 10.5%. Other agencies 
interpret the cardiac sensitivity differently. Australia allows 14% v/v as a safe level for occupied 
exposure providing egress takes place within 30 seconds of discharge. In contrast, the NOAEL 
for halon 1301 was 7% and the LOAEL was 10%. In other toxicity tests, FM-200TM 
demonstrated the following: 
w t i v e  results in a 14-day screening in male and female rats at 10% active; 
• mat ive  in central nervous system suppression; 
• ~ e ~ a t i v e  in developmental and reproductive toxicity; 
The physical properties of FM-200m compared to halon 1301 are: 
FM-200m is an effective fire extinguisher and is U.L. listed at a concentration of 5.8% v/v for Class 
A fues. For Class B fues, 5.5 to 6.7% vlv of FM-200m will extinguish fires from unleaded 
gasoline, aviation gasoline, number 2 diesel, n-heptane and hydraulic fluid. FM-200TM is also 
effective against Class C hazards and is approved for this use by U.L. and FM (Factory Mutual 
Research Corporation). 
As a fire suppression agent, FM-200m is more of a physical-acting agent compared to halon, which 
is primarily a chemical-acting agent. FM-200TM physically removes heat from the flame front. This 
lowers the flame temperature and reduces the combustion reaction rate to the point where the 
combustion reaction can no longer sustain itself. Furthermore, it is likely that extinguishment by 
FM-200m also involves a chemical mechanism. Trace amounts of fluorine are released from the 
FM-200TM molecule and reacts with transient combustion species in the chain propagation reactions. 
This ultimately halts these reactions. Because of this slightIy different flame suppression 
mechanism, the design concentration of FM-200TM, accounting for a higher molecular weight, is 
1.66 v/v times higher than halon. Extinguishant times are less than 10 seconds or about the same as 
halon 1301. 
In addition to its efficiency as an extinguishant, FM-ZOOm has been thoroughly tested and is proven 
safe for occupied enclosures. The acute toxicity of FM-200m is above 800,000 ppm. At 80% 
concentration (800,000 ppm) in 20% oxygen, all the animals survived exposure. The cardiac 
sensitivity of FM-200m was tested. Based on the results of these tests, the U.S. EPA SNAP 
assigned a NOAEL of 9% v/v and a LOAEL of greater than 10.5%. Other agencies interpret the 
cardiac sensitivity differently. Australia allows 14% v/v as a safe level for occupied exposure 
providing egress takes place within 30 seconds of discharge. In contrast, the NOAEL for halon 1301 
was 7% and the LOAEL was 10%. In other toxicity tests, FM-200m demonstrated the following: 
negative results in a 14-day screening in male and female rats at 10% active; 
negative in central nervous system suppression; 
in developmental and reproductive toxicity; 
m m u t a g e n i ~  in all genotoxicity tests; 
rn w t i v e  as a respiratory sensitizer; 
not by living systems; 
&ed u- by living organisms. 
FM-200m is safe for valuable assets. FM-200m is a highly purified reagent-grade gaseous 
chemical that leaves no residue. FM-200TM is non-conducting and non-corrosive; furthermore, it 
has a higher dieletric constant than halon 130 1. 
FM-200m is safe for the environment because FM-200TM is not an emissive agent. In contrast, a 
fire is a very polluting event that emits copious amounts of gases, many of which are toxic and 
greenhouse gases. In addition, the remnants of fues leave significant residue for clean up. 
Furthermore, the repair or rebuilding process from fires also contributes considerably to global 
warming or climate change. The advantage of FM-200m is that it quickly extinguishes a fire, 
which greatly reduces the emissions of toxic gases. FM-200m also reduces collateral damage as 
an HFC. FM-200m has a zero ozone depletion potential and a low atmospheric lifetime of 3 1 
years according to the U.S. EPA SNAP document. The GWP over a 500-year integrated time 
horizon is 600. 
FM-200m has withstood the rigors of independent approvals. The U.S. EPA's SNAP program 
accepts FM-200m as the most effective HFC replacement for halon 1301. Underwriters' 
Laboratories (U.L.) and Factory Mutual (FM) recognize equipment approvals and component 
listings. In addition to the above approvals, FM-200m is included in the NFPA 2001 standard as 
a halon 130 1 replacement. Furthermore, FM-200m is approved by the Loss Prevention Council 
in the U.K. (LPC), NICNAS in Australia, the Japanese Fire Defense Agency, the Hong Kong 
Fire Authority, the U.S. Coast Guard, the U.S. F.A.A., and the International Maritime 
Organization in addition to several others. 
Thank you for the opportunity to tell you about FM-200m, the most widely accepted halon 
replacement on the market. 

CORROSION PROTECTION REPLACEMENTS 
ASSESSMENT OF POLLUTION PREVENTION AND CONTROL TECHNOLOGY 
FOR PLATING OPERATIONS 
Authors: 
Paul D. Chalmer, Ph.D. (National Center for Manufacturing Sciences) 
William A. Somtag (National Association of Metal Finishers) 
George C. Cushnie Jr. (CAI Engineering) 
ABSTRACT 
The National Center for Manufacturing Sciences 
(NCMS) is sponsoring an on-going project to assess 
pollution prevention and control technology available 
to the plating industry and to make this information 
available to those who can benejititfrom it. Completed 
project activities include extensive surveys of the 
plating industry and vendors of technologies and an in- 
depth literature review. The plating industry survey 
was performed in cooperation with the National 
Association of Metal Finishers. The contractor that 
conducted the surveys and prepared the project 
products was CAI Engineering. The initial products of 
the project were made available in April, 1994. These 
products include an extensive report (ref. I )  that 
presents the results of the surveys and literature 
review and an electronic database. The project 
results are useful for all those associated with 
pollution prevention and control in the plating 
industry. The results show which treatment, recovery 
and bath maintenance technologies have been most 
successful for diferent plating processes and the costs 
for purchasing and operating these technologies. The 
project results also cover trends in chemical 
substitution, the identification of compliance-problem 
pollutants, sludge generation rates, off-site sludge 
recovery and disposal options, and many other 
pertinent topics. 
BACKGROUND 
The theme of this session is the evaluation of new 
environmentally friendlier replacement technologies 
for corrosion protection. The focus of this 
presentation is somewhat more retrospective, but we 
feel it is just as crucial to the session's purposes. Every 
old replacement technology began life as a new 
replacement technology. The best survived to become 
the established technologies of today, while back 
rooms and landfills are littered with the others' bones. 
A sense for what has historically worked and what has 
not may be as useful in assessing a new replacement's 
chances as are the usual bmhures, specifications and 
testimonials in which each candidate comes clad 
Many corrosion protection processes involve 
electroplating. Environmental considerations have 
loomed increasingly large in the development of 
plating technologies for the past several years. In 
thousands of individual facilities throughout the 
country, many examples of pollution prevention 
techniques and pollution control equipment have been 
tried, and many have been accepted or discarded based on 
factors intrinsic to the technology, as well as factors 
peculiar to each individual shop. 
The National Center for Manufacturing Sciences 
(NCMS) and the National Association of Metal 
Finishers have sponsored a project designed 
to capture the lessons learned across the industry, and 
to make that information available to the general 
public. The project involved a detailed survey of 
individual plating facilities, a thorough literature 
review, and input from technology suppliers. The 
purpose of this brief summary is to convey some idea of 
how the project was put together, and to give an 
overview of some of the key findings to emerge from 
the study. For those interested in specific details, the 
full report is now available as a four hundred page 
book, and the s w e y  results are available on disk.l 
Some of these results were presented at the AESF-EPA 
Conference in January, 1994. The results have been 
revised, updated, and extended below. 
A diagram showing the various stages of the project is 
provided in Exhibit 1. The assessment was conducted 
using three major sources of information and data: 
(1) A mailed questionnaire-survey sent to approxi- 
mately 2,000 electroplating and metal finishing plants 
(Users Survey). 
(2) A mailed questionnaire-survey of approximately 
60 vendors of pollution prevention and control 
equipment and off-site metals recycling services 
(Vendors S wey). 
(3) A literature search that gathered approximately 
600 articles, reports, conference papers and other 
sources of relevant information. 
l ~ o r  information contact the NCMS contractor, CAI 
Engineering at 703-264-0039. 
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Exhibit 1.  
Assesment of Pollution Prevention and Control Technology for Plating Operations 
Overview of Project Activities 
Using the collected materials, information and data, a 
set of seven Interim Reports was written covering the 
following topics: 
Interim Report No. 1: Overview of hoject Results 
Interim Report No. 2: Genera1 Waste Reduction 
Practices 
Interim Report No. 3: Chemical Recovery 
Interim Report No. 4: Chemical Solution 
Maintenance 
Interim Report No. 5: Process Substitution 
Interim Report No. 6: Wastewater Treatment 
Interim Report No. 7: Off-Site Metals Recycling 
The Interim reports were distributed to the 
respondents of the Users and Vendors Surveys and 
other interested parties. Based on comments received 
during the review process, the Interim Reports were 
revised and subsequently consolidated into a single 
final report. The report and Users Swey database are 
being distributed for NCMS by CAI Engineering. 
The reports and database will be updated once these 
results are disseminated and feedback is received. This 
will include additional data that will be accepted 
from new respondents to the Users Survey and 
Vendors Survey. Firms wanting to participate in 
updating these reports and database should contact the 
NCMS Project ~ a n a ~ e r ?  
CHARACTERIZATION OF RESPONDENTS 
The plating shops that responded to the Users Survey 
were diverse in terms of geographical location, size, the 
processes they employ and other factors. One general 
similarity of the respondents is that they mostly 
represent the job shop sector of the plating industry. 
Of the 3003 initial respondents, 253 are electroplating 
job shops and 47 are captive shops. Distributions of 
other characteristics of the respondents are shown in 
Exhibit 2. 
The geographical distribution of the respondents was 
relatively diverse, but concentrated in major 
electroplating regions. The majority of respondents 
(86%) are located in the Far West, Midwest and 
Northeast U.S. With respect to shop age, the average 
and median year that respondents commenced metal 
finishing operations was 1965. The range of 
commencement dates is 1867 to 1992. Approximately 
18% of the respondents commenced metal finishing 
operations after August 31, 1982, the cut-off date 
where newer facilities are required to meet 
-- 
2~aul  Chalmer; NCMS; 3025 Boardwalk Drive; Ann Arbor. 
MI; 48108-3266; 313D95-4911. 
3 ~ a t a  presented in this paper are based on the initial 300 
responses. Additional responses are included in the fmal 
NCMS database and report. 
pretreatment standards for new sources (PSNS). The 
data show that the majority of the companies 
responding to the survey have 100 or fewer employees 
(86.8%). The average and median number of employees 
is 67 and 35, respectively. The range of employees is 
from 1 to 3,000. 
METAL FINISHING PROCESS 
CHARACTERIZATION 
Collectively, the respondents to the Users Survey 
operate 154 different types of metal finishing 
processes. The 25 most frequently found processes are 
identified In Exhibit 3 (excludes pre-plating, post- 
plating and stripping processes). 
WASTEWATER AND DISCHARGE 
CHARACTERIZATION 
The majority of the respondents to the Users Survey 
are indirect dischargers (i.e., discharge to a publicly 
owned treatment works, rather than directly to a 
stream, river or other water body). The percentage of 
shops that are either indirect, direct, both indirect and 
direct and zero discharge are shown in Exhibit 4. These 
data indicate that captive shops are more likely to be 
direct dischargers than are job shops. EPA estimates in 
1984 indicated a similar trend (ref. 2). 
The electroplating discharge rates (average daily 
flows) of the survey respondents vary from 0 gpd to 
420,000 gpd (some higher discharge rates were reported 
for combined plating and non-plating industrial 
discharges). The average and median plating discharge 
rates for respondents were 34,600 gpd and 14,000 gpd, 
respectively (see Exhibit 2 for additional statistics 
regarding flow rates). Many shops indicated that they 
have made drastic progress in reducing wastewater 
flow rates, the most significant of which are the 
following: 
PS on4: from 140,000 gpd to 70,000 gpd (50% 
reduction since 1980) 
PS 036: from 52,700 gpd to 2,700 gpd (95% 
reduction since 1978) 
PS 059: from 90,000 gpd to 10,000 gpd (89% 
reduction since 1977) 
PS 118: from 232,630 gpd to 42,630 gpd (82% 
reduction since 1983) 
PS 139: from 127,000 gpd to 52,000 gpd (59% 
reduction since 1986) 
%he names of respondents to the Users Survey are 
maintained in ccmi5dence by using a code sysem (PS stands 
for plating shop). 
Average Plating Discharge Rate (gpd) 
Company Size Distribution by Number of Employees 
. . , . . . , . 
~os'l~rn'llm ~ l m  IM 151 MI 301 SKI - 
h n 3 0 U I l U J r n  m  m m  m u m  
10 ld m m m lam lam 
Exhibit 2. 
Characterization of Respondents to the Users Survey 
Geographical Distribution of Respondents 
Shop Age Distribution 
(year shop commenced metal fdh ing  operations) 
Exhibit 2. 
Characterization of Respondents to the Users Survey (continued) 
PS 150: from 400,000 gpd to 100,000 gpd (75% 
reduction since 1986) 
PS 172: from 150.000 gpd to 70,000 gpd (53% 
reduction since 1975) 
PS 184: from 12 1,000 gpd to 1 1,000 gpd (91 % 
reduction since 1982) 
PS 207: from 68,000 gpd to 18,000 gpd (74% 
reduction since 1986) 
PS 213: from 130,000 gpd to 50,000 gpd (62% 
reduction since 1985) 
PS 250: ffom 9 1,000 to 1 1,000 gpd (88% reduction, 
base year not given) 
PS 268: from 87,000 gpd to 17,000 gpd (80% 
reduction since 1987) 
PS 292: from 160,000 to 60,000 gpd (63% reduction 
since 1985) 
PS 296: from 1,900,000 gpd to 1,700,000 gpd (1 1% 
reduction, base year not given) 
PS 298: from 160,000 gpd to 90,000 gpd (70% 
reduction since 1990) 
Exhibit 3. 
The Twenty-Five Most Frequently Operated Metal Finishing Processes 
Process Name Process Name 
5,276 15. Chro 
1,594 16. Zinc 
607 17. Tin 
*Often involves a multiple number of tanks per shop containing the same solution. 
The respondents to the Users S w e y  are required to 
meet either CFR 4 13 (Electroplating Categorical 
Standards), CFR 433 (Metal Finishing Categorical 
Standards), or non-standard effluent limitations. Non- 
standard limitations are more stringent than the 
categorical standards for one or more pollutant 
parameters. Some of the non-standard limitations are 
written in terms of pollutant mass and flow rates (e.g., 
0.37 lbs/&y of chromium with a maximum flow of 
40,000 gpd) rather than concentration limitations. The 
percentage of respondents that are required to meet 
each type of effluent limitation are as follows: 
In addition to concentration or pollutant mass 
discharge standards, 16% of the respondents indicated 
that they are also subject to aquatic-based effluent 
standards. These limits require that an industrial 
wastewater be sufficiently treated such that certain 
percentages of organisms (typically fish and water 
fleas) are able to swive in the effluent for a given 
time period. 
The Users Survey asked platers to indicate the 
pollutant parameters for which they have compliance 
difficulty. A summary of their responses is shown in 
Exhibit 5. 
DRAG-OUT AND RINSE WATER REDUCTION 
For the typical electroplating job shop, the drag-out of 
process solutions and the subsequent contamination of 
rinse waters are the major pollution control problems. 
The NCMS report explains the basic principles of 
drag-out theory and explores the function and 
applicability of the various drag-out minimization 
techniques in use today. Because of the importance of 
drag-out and drag-out loss prevention, numerous 
questions in the Users Survey were related to this 
topic. The responses to these questions are statistically 
evaluated in the report and summarized in this paper. 
The Users Survey asked respondents to indicate the positioning the workpiece to minimize solution 
methods they employ to reduce the formation or loss holdup. On the average, all of the drag-out reduction 
of drag-out and the usage rate of rinse water. A methods that are used by the respondents have been 
summary of their responses is presented in Exhibits 6 successfully applied. Some shops had specific 
and 7. The most frequently used drag-out reduction problems with one or more methods (e.g., buildup of 
methods are: allowing parts/racks to drip over process bath contaminants). These problems are discussed in 
tanks; the use of drag-out rinses; reducing the speed of the report along with potential solutions. 
racklpart withdrawal; use of drip shields; and 
Exhibit 4. 
Distribution of Respondents by Type of Discharge 
Indirect Discharge 
Both Direct and Indirect 
Exhibit 5. 
Pollutant Parameters for which Compliance Difficulty was Reported by Respondents 
Chromium (total) 
Note: some shops listed two or more parameters. 
The most frequently used methods of reducing water 
use involve the application of: flow restrictors; 
counterflow rinses; manually turning off water; and 
air agitation. As with drag-out methods, the rinse 
water reduction methods have been generally 
successfully, with the highest success ratings given to 
the use of flow restrictors and counterflow rinsing. 
CHEMICAL RECOVERY TECHNOLOGIES 
According the respondents of the Users Survey, 
chemical recovery technologies are most frequently 
purchased to (in order of frequency): help meet 
effluent regulations; reduce wastewater treatment 
costs; reduce plating chemical purchases; and to reduce 
the quantity of waste shipped off-site. 
The Users Survey requested platers to provide detailed 
technical, performance and operating cost data for 
chemical recovery technologies. Also, during their 
survey, vendors were requested to provide technology 
descriptions, operating data and capital cost data. As a 
result of obtaining data from these two sources, plus 
the information from the extensive literature review, 
the NCMS report contains a substantial-quantity of 
Exhibit 6. 
Summary of Users Survey Data Relating to Drag-Out Loss Prevention 
Drag-Out Reduction Methods 
rackjpart to drip over plating tank (auto.) 
a drag-iddrag-out arrangement (manual) 
Manual and automatic refer to the level of automation of the plating line. 
The success rating is based on a scale of 1 to 5, with 5 being most successfd. 
Exhibit 7. 
Summary of Users Survey Data Relating to Rinse Water Use Reduction 
Exhibit 8. 
Distribution and Ratings of Chemical Recovery Technologies 
aTechnology key: ED=electrodialysis, EW=electrowinning, ATM EV=atmosphwic evaporation, VAC EV=vacuum evaporation. 
M=ion exchange, MP=meshpad mist eliminator, UO=reverse osmosis. Ratings are based on a scale of 1 to 5, with 5 being the 
most successful. Number of applications from the Users S w e y  is shown in parenthesis. "-" = no applications, ND = no data. 
bIncludes cyanide plate, cyanide strike and sulfate baths. 
CIncludes cyanide and non-cyanide baths. 
dIncludes bright, sulfamate. sulfate, Watts and Woods baths. 
lncludes acid and alkaline baths. 
information for the following chemical recovery 
technologies: electrodialysis, electrowinning, aunos- 
pheric evaporators, vacuum evaporators, ion exchange, 
reverse osmosis and mesh pad mist eliminators. A 
separate subsection of the report is devoted to each of 
these technologies. Within each subsection, the 
following are provided: technology overview; 
development and commercialization; applications and 
restrictions (with diagrams showing different 
potential configurations); technologylequipment 
description; capital costs; operating costs; performance 
experience; and residuals generation. 
Exhibit 8 presents a summary of the chemical recovery 
applications covered by the Users Survey data. Exhibit 
9 presents an example (vacuum evaporators) of the 
Users Survey data summaries contained in the report. 
SOLUTION MAINTENANCE METHODS AND 
TECHNOLOGIES 
Metal finishing solutions are subjected to a variety of 
forces that cause @em to become unusable. The key 
contributing factors are: (1) depletion of bath 
chemicaIs; (2) chemicaI break-down of process 
chemicals or chemical side reactions; (3) contamination 
from impurities in make-up water, chemicals or anodes; 
(4) anodiclcathodic etching of parts and inert 
electrodes; (5) corrosion of parts, racks, bussing, tanks, 
heating coils, etc.; (6) drag-in of noncompatible chemi- 
cals; (7) buildup of by-products (e.g., c e ~ t e s ) ;  (8) 
breakdown of maskant, fume suppressant and wetting 
agents; (9) errors in bath additions; and (10) airborne 
particles entering the tank. 
Solution maintenance replaces the practices of: (1) 
using a fresh chemical solution until it is degraded and 
replacing it with fresh solution or (2) decanting a 
Ex
hi
bi
t 9
. 
Pa
rt
ia
l S
um
m
ar
y o
f U
se
rs
 S
ur
ve
y D
at
a 
fo
r V
ac
uu
m
 E
va
po
ra
tio
n 
(ch
em
ica
l re
co
ve
ry
 ap
pl
ica
tio
ns
) 
h
, 
a
\ 0
 
Ex
hi
bi
t 1
0. 
Pa
rt
ia
l S
um
m
ar
y o
f U
se
rs
 S
ur
ve
y D
at
a 
fo
r I
on
 E
xc
ha
ng
e (
ba
th 
m
ai
nt
en
an
ce
 ap
pl
ica
tio
ns
) 
N
ot
ar
: 
(1)
 R
rc
ha
se
d u
se
d..
 
(2)
 Pu
rc
ha
se
d s
ec
on
d h
an
d 
bu
t u
nu
se
d. 
(3)
 Us
e 
Co
de
s: 
1 c
ur
re
nt
ly 
op
er
ali
ng
; 2
-n
ot
 cu
rr
en
tly
 op
er
ati
ng
 an
d m
 in
ten
sio
n f
or
 fu
tu
re
 u
se
; 3
-n
ot
 cu
rr
en
tly
 in
 u
se
, b
ut 
int
en
d 
to
 u
se
 in
 fu
tu
re
. 
(4)
 S
aM
W
h 
lw
ol
s 
1 t
n 
5,
 w
ith
 l=
Io
we
st
 an
d 
Sh
ig
ho
st
 (d
tlta
be
se
 akr
o c
on
ta
ins
 sa
hf
ac
fo
n 
lev
els
 fw
 m
an
uf
ac
tu
re
r's
 su
pp
or
t). 
(5)
 F
ut
ur
e d
ec
ics
ion
 a
de
x 
1-
pu
f~
ha
ee
 the
 m
rn
e 
De
ch
nd
og
y t
om
 th
e s
am
e 
ve
nd
or
; 2
-p
ur
ch
as
e t
he 
sa
m
e 
te
ch
no
log
y f
rw
n 
a 
di
ffe
m
t v
en
do
r; 
Sp
ur
ch
as
e a
 di
ffe
re
nt
 te
ch
no
lo
gy
; 4
do
 no
th
i~n
g. 
(6)
 'J
" i
nd
it
es
 ih
at
 a 
sa
vif
gs
 wa
s 
re
al
ize
d 
bu
t n
ot
 qu
an
tifi
ed
. 
(7)
 A
w
rc
lg
e 
ce
pi
te
l a
s
B
 do
 n
ot
 a
cc
ou
nt
 fo
r d
ir
en
ce
s 
in 
pu
rc
ha
se
 &
te
a 
portion of a degraded solution and replacing it with 
fresh solution. In both cases, the spent solution is 
usually either treated on-site or transported to a 
treatmentjdisposal site. On-site treatment is not 
always possible because concentrated wastes may upset 
treatment facilities designed primarily for treating 
dilute rinse waters. 
Two major categories of solution maintenance were 
identified during the project: preventative and 
corrective. Within the NCMS report, preventative 
solution maintenance refers to the practices that avoid 
bath contamination or involve monitoring and 
adjusting of solution chemistry. Corrective solution 
maintenance refers to the practice of removing 
contaminants from the bath, whether they are 
dissolved or particulate, organic or inorganic. Both 
preventative and corrective solution maintenance 
involve the use of methods, techniques and 
technologies. Methods and techniques are typically 
procedural in nature or low capital items that can be 
implemented quickly and have an almost immediate 
payback. Technologies are generally equipment 
packages that have a moderate to high capital cost and 
payback periods of one year or greater. Most 
preventative measures are either methods or techniques. 
However, some technologies such as an electroless 
nickel bath automatic replenishment system would 
also fall into this category. Corrective measures 
include both methods/techniques such as dummy 
plating and technologies such as microfiltration (ref. 
1). 
Within the NCMS report, the corrective technologies, 
which are generally less familiar to platers, are covered 
in detail. The methods of preventative and corrective 
solution maintenance that are commonly applied by 
plating shops (e.g., filtration) are more familiar to 
platers and therefore are covered less extensively. 
Exhibit 10 presents an example (ion exchange) of the 
Users Swey  data summaries contained in the report. 
Other technologies covered by the report include: 
microfiltration, acid sorption, ion transfer, membrane 
electrolysis and diffusion dialysis. 
SUBSTITUTE TECHNOLOGIES 
The results of the Users Swey  show that respondents 
have made significant strides in reducing or eliminating 
the use of chlorinated solvents, cadmium, cyanide and 
chromium. Sometimes referred to as the four Cs, these 
materials have been identified by EPA as key targets 
for control within the metal finishing industry. 
Approximately 60 percent of the respondents 
attempted material input changes that potentially 
reduce or eliminate the use of one or more of the four 
Cs or another pollutant problem. Based on the 
comments received from respondents, these changes 
were made in an effort to reduce the impacts of their 
processes on the environment and worker health, to 
help meet environmental regulations and to reduce 
operating costs. 
Although most of the material input changes 
attempted by survey respondents have been successful, 
there have been some failures and in many cases, even 
with successful changes, there have been adverse 
production impacts. The NCMS report summarizes 
the status of change in these areas and conveys the 
attitudes and concerns of the respondents. 
An example of a data summary regarding substitute 
technologies is presented in Exhibit 11. This exhibit 
shows that among respondents to the Users Swey, the 
number of solvent users has changed since 1980. In 
Exhibit 11, the shops are divided into three groups: (1) 
those in existence in 1980; (2) those established from 
1981 to 1985 (inclusive); and (3) those established 
h m  1986 to 1993 (inclusive). For the older shops, the 
number of solvent users remained approximately the 
same from 1980 to 1985 and then declined 
substantially h m  1986 to 1993. In 1980, 53% of the 
shops used solvent and by 1993 only 39% used solvent. 
Therefore, 26% of the solvent users in 1980 have 
eliminated its use. For shops established from 1981 to 
1985, the frequency of solvent use was below that of 
the older shops in 1985 and then from 1986 to 1993, the 
percentage declined similarly to the declining use rate 
of the older shops. Thirty-one percent of the shops 
established from 1981 to 1985 that originally used 
solvent have eliminated its use. The most recently 
established shops (1986 to 1993) presently have 
approximately the same percentage of solvent use as 
the shops established in 1981 to 1985. 
END-OF-PIPE TREATMENTISLUDGE 
DISPOSAWRECOVERY 
Various technologies are used by platers for end-of- 
pipe treatment. These technologies have been grouped 
during the NCMS project into conventional and 
alternative methods. Conventional treatment is a 
series of unit processes used extensively by industry 
that have provided reliable treatment for many 
electroplating operations (e.g., metals precipitation 
using sodium hydroxide and polymer). Alternative 
treatment methods are sometimes used by platers to 
reduce capital and/or operating costs or to improve 
pollutant removal efficiency. 
The Federal electroplating and metal finishing 
pretreatment wastewater. standards were 'developed by 
EPA by identifying commonly used treatment 
practices and determining their effectiveness by 
Plating shops 
that were in 
existance in 1980 
(243 shops) 
Plating shops 
that were 
established from 
1981 to 1985 
(inclusive) 
(31 shops) 
Plating shops 
that wae 
established from 
1986 to 1993 
(inclusive) 
(26 shops) 
1980 1985 1993 
Percentage of Shops that have Solvent Applications in Given Year 
1980 1985 1993 
Percentage of Shops that have Solvent Applications in Given Year 
1980 1985 1993 
Percenfage of Shops that have Solvent Applications in Given Year 
Exhibit 11. 
Assessment of Pollution Prevention and Control Technology for Plating Operations 
Distribution of Solvent Usage from 1980 to 1993 by Shop Age 
collecting effluent data from well operated systems. 
Conventional treatment was selected by EPA as the 
standard system. Therefore, for most plating shops, 
use of conventional treatment will provide sufficient 
pollutant removal to meet discharge standards. There 
are two major exceptions to this rule. First, many 
plating shops are regulated by local discharge 
standards that are more stringent than the Federal 
standards and conventional treatment may be 
insufficient to meet these limitations. Second, the 
treatment systems selected by EPA for establishing 
the Federal standards were those systems that EPA 
determined to be "properly operating facilities." For 
example, EPA omitted facilities that: (1) did not have 
well operated treatment processes; (2) had 
complexing agents (e.g., non-segregated wastes from 
electroless plating); and (3) had dilution from non- 
plating wastewaters. As a result, some plating 
facilities may not meet the properly operated facility 
criteria used by EPA and may have difficulty meeting 
Federal standards using conventional treatment 
In cases where conventional treatment is insufficient 
to meet discharge limitations for a given facility, there 
are three basic choices for attaining compliance: (1) 
correct or upgrade the existing processes; (2) make 
internal changes (e.g., improve rinsing, add recovery, 
segregation of waste streams) to "normalize" the 
wastewater, (3) use conventional treatment plus 
additional treatment (i.e., polishing), and (4) use 
alternative treatment processes. Information on each 
of these methods is covered in the NCMS repon. 
One of the most frequent concerns of platers is the 
availability and cost of disposal for treatment process 
residuals (mainly F006 sludge). Respondents to the 
Users Survey generate an average of 160,000 lbs of 
sludge per year (median value is 50,000 lbslyr) and 
spend an average of $27,300 per year for sludge 
disposal. The NCMS report provides data from each 
respondent covering sludge generation rates, the 
location of their disposal site, the distance that sludges 
are hauled, the solids concentration of the sludge, and 
the disposal charges. Many platers (33% of the 
respondents) are using off-site metals recyclers as an 
alternative to land disposal of their treatment 
residuals and spent process solutions. The NCMS 
report identifies the recycling companies used by the 
respondents, presents an overview of their recovery 
processes (provided by the recycling companies 
themselves), presents criteria for determining the 
applicability of off-site recycling, and compares the 
costs of recycling to land disposal. 
SELECTED CONCLUSIONS DRAW FROM 
SURVEY RESULTS 
The NCMS report contains such a wealth of 
information and &ta that a complete analysis of the 
results would take years to perform. One of the 
reasons for including a disk copy of the database with 
the report is to allow platers, vendors, researchers and 
other interested individuals the opportunity to 
perform their own analyses and develop their own 
conclusions. The following are conclusions drawn 
from several key areas of the survey results by the 
authors of this paper. 
Pollution Control Technology Changes fkom 1975 
to 1993 
Pretreatment standards for the electroplating industry 
were first established in 1974, but it was not until 
promulgation of 40 CFR 413 on September 7, 1979 
that Electroplating Categorical Pretreatment 
Standards became a reality. Several years later, EPA 
promulgated the Metal Finishing Categorical 
Standards (40 CFR 433). Prior to the existence of 
Federal standards, plating shops were regulated 
locally (if at all), presumably, with wide variation in 
effluent limitations and levels of enforcement. Most 
plating shops did not have treatment systems for 
cyanide destruction and metals removal. 
Approximately 12 percent of the surveyed plating 
shops that were in business in 1975 (excludes zero 
discharge shops) indicated that their initial treatment 
system was installed by that year. Exhibit 12 presents 
a breakdown of the data in five year increments. These 
data indicate that by 1985, after the compliance dates 
for Federal regulations, 70 percent of the surveyed 
plating shops had installed their initial treatment 
system (excludes zero discharge shops). 
Exhibit 12. Distribution of Endsf-Pipe System 
Installation Dates 
Initial Treatment 
& @ m  Installed Bv; 
1975 16% 
1980 32% 
1985 70% 
1990 95% 
1993 98% 
*Percent of shops in business by the date indicated. 
Excludes zero discharge shops. 
Most initial treatment systems were installed 
between 1980 and 1985, although by 1985 there were 
still a substantial number of shops that had not 
installed their initial system. 
Most plating shops installed conventional treatment 
to meet Federal regulations. Although it is difficult 
to assess exactly the respondents' data concerning end- 
of-pipe technology, it appears that an early trend 
occurred during the late 1970's and early 1980's when a 
significant percentage of shops attempted to utilize 
advanced technology in place of conventional 
treatment. These early efforts generally resulted in 
failure and the shops later resorted to conventional 
systems. One prominent example of this trend is the 
implementation of high surface area electrowinning as 
an end-of-pipe technology. Between 1979 and 1983, 
approximately 4 percent of the shops (excludes zero 
discharge shops) in existence installed this technology 
at an average cost of $66,360. Only one of these 
systems is currently operating and that unit was 
extensively modified by its user. Early failures such as 
these appear to have had a negative impact on advanced 
technology. No single technology has since emerged as 
a significant replacement for conventional treatment. 
In fact, changes in end-of-pipe methods have tended 
toward simpler technologies. Proof of this statement 
is that the most significant technology change with 
respect to end-of-pipe treatment since 1975 is the use of 
sludge dehydration equipment (i.e., sludge dryers) to 
reduce the volume of sludge shipped off-site (29 
percent of the respondents have installed this 
relatively simple technology with approximately 80% 
purchased between 1988 and 1993). Approximately 
10% of all the shops surveyed presently rely on non- 
conventional treatment methods (includes zero 
discharge shops). The most popular non-conventional 
end-of-pipe treatment methods (ion exchange, evapor- 
ation. and membrane technology) are covered in the 
NCMS report. 
It should be noted that the majority of respondents to 
the Users Survey were job shops. More. frequent use of 
advanced end-of-pipe technology may exist in other 
industry segments such as captive aerospace facilities. 
Approximately 8% of the shops surveyed have attained 
zero discharge. These shops are generally smaller and 
less diverse than the shops with discharges. The 
average and median number of employees at the zero 
discharge shops is 16 and 15, respectively (for all shops 
the employee figures are: average = 67 and median = 
35). Of the zero discharge shops, 58% are primarily 
hard chrome platers. The hard chrome process is one of 
the easiest to operate as a close-loop because of the high 
ratio of evaporation to drag-out (i.e., permits use of 
spray rinsing over the bath, drag-out recovery rinsing, 
etc.). The remaining zero discharge shops operate 
various metal finishing processes, including: cadmium, 
nickel and zinc plating; conversion coating; and 
aluminum finishing. Details of theu metal finishing 
processes and pollution prevention and control 
technologies are contained in the NCMS database and 
summarized in the NCMS report. 
Status of Pollution Prevention 
Pollution prevention has emerged as an important 
method of attaining compliance and reducing operating 
costs. Widespread success has been achieved using 
simple methods and techniques that reduce drag-out 
losses and rinse water use. More than 90 percent of the 
shops indicated that they utilize these tools and have 
benefited h m  them. Although some shops have had 
great success with chemical recovery technologies, 
these have generally been much less frequently applied 
than drag-out and rinse water reduction efforts. The 
most successful of the chemical recovery technologies 
is atmospheric evaporation, which is generally regarded 
as the most simple to use. Bath maintenance 
technologies are less frequently used than are chemical 
recovery and have generally been less successful. 
Exhibit 13 shows ratings given by the respondents for 
some common pollution prevention methods. 
Causes of Failure for Some Advanced Technology 
Applications 
Many installations of chemical recovery technologies 
and advanced bath maintenance have not been successful 
(approximately 30 to 40 percent). The survey 
respondents indicate that failure is most frequently 
caused by: maintenance problems, misapplication of 
the technology (often due to ignorance on the part of 
rnanufactllrer's representatives and/or the plating shop 
personnel), poor design, inability to purchase 
replacement parts (usually manufacturer went out of 
business), poor technical support by manufacturers, 
improper operation of technology by shop personnel, 
technically too complex for employees, chemical 
recovery caused a build-up of contaminants in plating 
bath, recovery process destroyed plating chemicals, 
recycled water was of insufficient quality, chemical 
product was insufficiently concentrated for return to 
plating bath, inadequate capacity, and high residuals 
generation. 
Maintenance problems were the most frequent cause of 
system failure. The maintenance problems most often 
reported with advanced technologies are: low quality 
system components, mechanical problems with pumps 
and valves, damage to or fouling of components by 
plating chemicals, and excessive labor requirements for 
system cleaning. Exhibit 14 indicates the operational 
status of the chemical recovery and bath maintenance 
technologies purchased by survey respondents. 
Exhibit 13. Ratings for Pollution Prevention Most Pressing Environmental Problems and 
Methods and Technologies Environmental Technology Needs 
Mahod Average Rating* 
Good Operating Practices 3.9 
(all methods) 
Drag-Out Reduction 
(all methods) 3.5 
Rinse Water Reduction 
(all methods) 3.8 
Chemical Recovery: 
Atmospheric Evaporators 3.8 
Vacuum Evaporators 3 5  
Ion Exchange 32 
Electrowinning (all) 3.1 
Electrowinning (excluding high 
surface area) 3.4 
Electrodialysis (one data point) 1 .O 
Reverse Osmosis 3 .O 
Weighted Avg. for Chemical Recovery 3.4 
Bath Maintenance: 
Microfiltration - 
Ion Exchange 3.9 
Acid Sorption 4.3 
Ion Transfer 35 
Membrane Electrolysis 3 .O 
Diffusion Dialysis - 
Weighted Avg. for Bath Maintenance 3.7 
The respondents to the Users Survey indicated that 
their most pressing environmental problems were 
(percent identifying problem shown in parenthesis): 
increasing costs of compliance (73%); frequently 
changing regulations (55%); meeting effluent 
discharge standards (38%); eliminating the use of 
solvents (25%); meeting air emissions standards 
(24%); and lack of disposal sites (19%). 
The environmental technology needs identified by the 
respondents were (percent identifying need shown in 
parenthesis): 
Alternatives to solvent cleaningldegreasing (12%) 
Better cyanide plating alternatives or controls 
(11%) 
Improved methods for water reduction, closed- 
loop processing, source reduction, recycling or 
zero discharge (9%) 
Better cadmium plating alternatives or controls 
(8%) 
Improved methods or more affordable end-of-pipe 
treatment (7%) 
Alternative to chromium metal finishing 
(includes al l  uses such as anodizing, plating and 
conversion coating) (6%). 
Number of data points shown in parenthesis) 
*(1 to 5 with 5 being the most successful) 
Exhibit 14. Operational Status Of The Chemical Recovery And Bath Mamtenance Technologies 
Purchased By Survey Respondents 
Technology % of Technologies Average Age of Average Age of Age of Oldest 
That are Still Operating Units Non-Operating Operating Unit 
Operating (years) Units (years) (years) 
Recoverv: 
Atm Evap. 90% 5.4 6.1 18 
Vacuum Evap. 74% 8.3 13.8 15 
Ion Exchange 61% 6.5 5.4 18 
Electrowinning 59% 5.5* 6.9 13* 
Electrodialysis 0% -- 9.0 - 
Reverse Osmosis 50% 4.0 9.3 6 
me; 
Microfiltration 0% 
Ion Exchange 73% 
Acid Sorption 100% 
Ion Transfer 70% 
Membrane Electrolvsis 60% 
Diffusion Dialysis - -- -- - 
*Excludes 43 year old homemade silver recovery unit that is still operating. 
Future NCMS Survey Efforts 
The initial NCMS project activities have established a 
benchmark assessment of pollution prevention and 
control technology for plating operations. The project 
products will assist platers in various ways, including: 
sharing ideas for drag-out and water use reduction; 
providing useful technology descriptions; providing an 
explanation of EPA's pollution prevention concept; 
summarizing cost and performance data from actual 
technology installations involving chemical recovery, 
bath maintenance and waste treatment; summarizing 
plater's experiences with alternative process chemicals 
that may reduce the hazardousness of the plating 
processes and the resultant wastes; and providing 
detailed data for off-site metals recycling options. 
This assessment has been made possible by the efforts 
of numerous platers, technology vendors and other 
interested parties. Hopefully, this industry will 
continue these efforts by participating in updates of the 
assessment. Each iteration of the assessment process 
will refine our technical knowledge and lead to more 
cost effective means of complying with environmental 
regulations. 
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Chromic acid has long been used to produce a thin, corrosion resistant (Type I) coating on aluminum. 
Following anodizing, the hardware was sealed using a sodium dichromate solution. Sealing closes up pores 
inherent in the anodized coating, thus improving corrosion resistance. The thinness of the brittle coating is 
desirable from a fatigue standpoint, and chromium was absorbed by the coating during the sealing process, 
further improving corrosion resistance. Unfortunately, both chromic acid and sodium dichromate contain 
carcinogenic hexavalent chromium. Sulfuric acid is being considered as a replacement for chromic acid. 
Sulfuric acid of 10-20% concentration has traditionally been used to produce relatively thick (Types IT and 
ID) or abrasion resistant (Type III) coatings. A more dilute, that is five weight percent, sulfuric acid 
anodizing process, which produces a thinner coating than Type II or ID, with nickel acetate as the sealant 
has been developed. The process was evaluated in regard to corrosion resistance, throwing power, fatigue 
life, and processing variable sensitivity, and shows promise as a replacement for the chromic acid process. 
Introduction 
Aluminum hardware at Rocketdyne is chromic acid anodized primarily for corrosion resistance, 
which sealing further improves. Therefore, corrosion testing is a necessary step in evaluating replacements 
for chromic acid for anodizing and sodium dichromate for sealing. Chromic acid anodized coupons must 
pass a 336-hour salt fog test per ASTM B 117, so thin-film sulfuric acid anodized coupons were subjected to 
the same test. Galvanic corrosion has been a problem in the past, so the relative performance of the 
anodized coatings under galvanic conditions was examined. Also, the atmospheric corrosion resistance of 
the two anodized coatings was evaluated using actual hardware. 
Published literature has shown that fatigue life is dependent upon anodized coating thickness - the 
thicker the coating, the shorter the fatigue life and the lower the endurance limit (Reference 1). This is due 
to the brittleness of the aluminum oxide layer. The fatigue specimens anodized in this study at various 
thin-film sulfuric anodizing parameters showed a wide range of endurance limits, so the relationship 
between endurance limit and anodized coating thickness was investigated to determine a maximum allowable 
coating thickness. 
The chromic acid anodizing process is very tolerant of variations in processing variables. The 
anodizing bath temperature can range from 90 to 105°F. Manufacturing practice is to keep the hardware in  
the chromic acid anodizing bath until the current drops down to zero indicating that the reaction has stopped. 
This practice suggests that the chromic acid anodized coating goes to completion, that is, the coating 
reaches a thickness where the reaction stops and the coating does not get too thick. Also, all alloys are 
anodized under the same parameters and it would be desirable if the same could be done with thin-film 
sulfuric anodizing. It was necessary to determine the sensitivity of thin-film sulfuric coating thickness to 
processing variables such as bath temperature, anodizing voltage, and anodizing time, and whether the 
process goes to completion to develop parameters and tolerances for thin-film sulfuric acid anodizing. 
Throwing power - the ability to anodize in blind holes and passageways - of thin-film sulfuric anodizing 
was also evaluated and compared to the throwing power of chromic acid. 
Procedure 
Sulfuric Acid Anodizing 
Coupon specimens were tightly positioned in an aluminum anodizing rack and processed as 
follows in a laboratory-scale line: 
1) Degrease - 20 vol. percent Turco 3878 LF-NC at 145-160°F for 10 minutes; 
2) Rinse in deionized (D.I.) water spray; 
3) Alkaline clean - 6-8 oz./gal. Turco 4090 at 150-190°F for 7 minutes; 
4) Rinse in D.I. water spray; 
5) Deoxidize - 16 oz./gal. Turco Smut-Go NC plus 4 oz./gal. HNO3 at room 
temperature for 15 minutes with air agitation; 
6) Rinse in D.I. water spray; 
7) Anodize - 3-7 weight percent sulfuric acid at 66-72°F at 15-25 volts for 5-120 
minutes with air agitation and lead cathodes on all four sides of the tank, voltage 
slowly ramped from 0 to voltage of interest; 
8) Rinse in D.I. water spray; 
9) Seal - 2% Novamax Anoseal 1000 nickel acetate solution at 160-190°F for 10 
minutes (with mechanical stirring prior to adding specimens); 
10) Rinse - D.I. water at 175-1 85°F for 10 minutes. 
The panels for galvanic corrosion testing and the hardware for atmospheric corrosion were 
processed on a manufacturing line at Rockwell Space Systems Division at Downey, CA to parameters 
similar to those above. 
Chromic Acid Anodizing 
Control specimens were chromic acid anodized on the Rocketdyne production line per Rocketdyne 
specification RA0109-02 1, Type I Chromic Acid Anodizing. The procedure consists of degreasing, alkaline 
cleaning, deoxidizing, anodizing, and sealing. The anodizing is done in 4-8% chromic acid at 90-105°F at 
4Wl  volts. The hardware is left to anodize until the voltage drops to zero. Sealing is done in 1.3-2.2 
oz./gal. sodium dichromate at 195-205°F for 20 minutes. 
Corrosion Testing 
Salt fog corrosion testing was done at Rockwell Space Systems Division. Five panels 10 in. x 3 
in, x 0.050 in. were tested for each anodizing and sealing condition. The alloy 2024 was used, as it is 
inherently the least corrosion-resistant and produces the thinnest anodized coating of the alloys of interest. 
The panels were racked at an angle of 5% from vertical and exposed to a 5% salt fog for 336 hours (14 
days). The panels were examined visually at up to 100 times magnification for corrosion and evaluated 
with respect to ASTM B117 which states, "...test specimens shall show no more than a total of 15 isolated 
spots or pits, none larger than 0.031 inch in diameter, in a total of 150 square inches of test area grouped 
from five or more test pieces; nor more than 5 isolated spots or pits none larger than 0.031 inch in 
diameter, in a total of 30 square inches from one or more test pieces: except those areas within 0.062 inch 
from identification marks, edges, and electrode contact marks remaining after processing." The sulfuric acid 
specimens were anodized using 5% sulfuric acid, 25 volts, at 70°F for 20 minutes. The sealing was done 
using sodium dichromate or Anoseal 1000. The chromic acid specimens were anodized per RA0109-021. 
The galvanic corrosion specimens consisted of 4 in. x 4 in. x 0.030 in. anodized panels of 2024, 
6061,7075, and Tens-50 alloys. One panel of each alloy was anodized in sulfuric acid and one of each in 
chromic acid for a total of eight panels. Each panel had a hole 0.25 in. in diameter punched in the center. 
Through this hole was fitted a screw, a nut, and two washers, all of brass, to form a galvanic couple (Figure 
1). The panels were exposed to a 5% salt fog environment like the salt fog corrosion specimens above 
except that the specimens were exposed for 168 hours. 
The atmospheric exposure test specimens consisted of scrapped valve housings, which are Tens-50 
castings. The housings are approximately 12 inches in diameter by 4 inches thick. One specimen was 
anodized in sulfuric acid and one in chromic acid. The hardware was initially exposed to a suburban 
environment for five months, and then to a coastal environment for nine months. 
Fatigue Testing 
High cycle fatigue testing was performed at Metcut Research Associates, Inc., Cincinnati, Ohio 
under the following conditions: 
Mode - cantilever load control; 
Stress ratio - R = 0.1 
Frequency - 30 Hz 
Waveform - sinusoidal 
Atmosphere - air 
Temperature - room 
Machine - calibrated Sonntag SF-1-U rotating mass type universal fatigue 
Stress levels for the different alloys were chosen such that failures would be evenly distributed between 104 
and 107 cycles. Flexural fatigue specimens were machined from 0.08 inch thick sheet of each alloy, 2024- 
T3,6061-T4, and 7075-T6. 
Throwing Power 
A test specimen for evaluating throwing power consisted of a flat 3 in. x 3 in. x 0.030 in. 2024 
aluminum panel with a nylon block screwed tightly to it, Figure 2. The nylon block has a groove 
machined into it so that when it is attached to the aluminum panel, it simulates a blind hole in a piece of 
hardware. The specimens were specifically designed to be easy to fabricate and analyze. The block can be 
removed following anodizing and reused with other panels. The 2024 alloy was chosen for this study 
because, of the three wrought alloys evaluated, it is the hardest to anodize since it consistently produces the 
thinnest coating. Panels were anodized in 5% sulfuric acid at 70°F and 20 volts for times of 5 to 60 
minutes. A panel was also anodized in chromic acid per RA0109-021. 
Results and Discussion 
Corrosion Testing 
Table I shows the results of salt fog corrosion testing. Alloy 2024 was used for this test because 
it has the least corrosion resistance and produces the thinnest coating at any given anodizing condition of 
the alloys being evaluated. This test compared the effectiveness of thin-film sulfuric acid anodizing and the 
effectiveness of nickel acetate sealing. The chromic acid specimens showed no pitting and were oxide-free 
over the entire surface of the panels. The thin-film sulfuric specimens sealed with sodium dichromate 
showed one pit for the set with the remainder of the panels being oxide-free. The thin-film sulfuric 
specimens sealed with nickel acetate showed one pit for the set with some edge corrosion, but edge 
corrosion is exempted by ASTM B 117. Although the sulfuric acid specimens showed a pit and the nickel 
acetate specimens showed some edge corrosion, these specimens passed ASTM B117 making them 
acceptable processes. 
All galvanic corrosion specimens showed severe corrosion after 168 hours in salt fog. It was not 
expected that anodizing would provide much protection against galvanic corrosion. Based on visual 
examination of the panels, and cross-sections of the corroded area, it was concluded that the chromic acid 
anodized panels and the sulfuric acid anodized specimens performed similarly. 
After five months in a suburban environment, the sulfuric acid anodized hardware and the 'chromic 
acid anodized hardware showed no degradation. The hardware had experienced a little rain and fog. After 
nine months in a coastal environment, the anodized portions of the hardware showed no degradation while 
the areas of the hardware that were not anodized showed the beginnings of corrosion. 
Table 1. Results of salt fog testing per ASTM B 1 17 on anodized 2024 aluminum 
Anodizing Sealant # Pitsl Pass1 Coating Comments 
Process Set Fail Thickness. mils 
Chromic Sodium 0 
Dichromate 
Thin-Film Sodium 1 
Sulfuric Dichromate 
Thin-Film Anosea1 1000 I 
Sulfuric 
Pass 0.09 Oxide-Free 
Panels 
Pass 0.14 Oxide-Free 
Panels 
Pass 0.12 Some Edge 
Corrosion 
Fatigue Testing 
Figures 3 through 5 show the plots of anodized coating thickness versus endurance limit for the 
alloys 2024, 6061, and 7075. Clearly, there is a relationship between coating thickness and fatigue life for 
thin-film sulfuric acid anodized specimens and it is possible to achieve an endurance limit equal to or greater 
than that of chromic acid anodized aluminum given a thin enough coating. By comparing the endurance 
limit of the chromic acid anodized specimens with the sulfuric acid anodized specimens, it can be seen that 
for all three alloys, the endurance limit begins to fall below that of the chromic acid anodized specimens at a 
coating thickness greater than 0.2 mils. This agrees with published observations (Reference 1) where it was 
found that anodized coating thicknesses between 0.2 and 0.3 mils began to affect fatigue life. 
Throwing Power 
Figure 6 shows the results of the throwing power tests. The sulfuric acid specimens showed a 
decrease in coating thickness with increasing depth into the blind hole. The coating thickness at the base of 
the hole varied from 24 to 44% of the coating thickness at the outside surface of the hole. In general, the 
ratio of coating thickness at the base of the hole to the coating thickness on the outside surface decreases 
with increasing anodizing time. This shows that even by increasing the anodizing time, the thickness 
inside the hole never catches up to the outside thickness; suggesting that the process is not going to 
completion. As a comparison, a specimen was anodized in chromic acid and it too showed a decrease in 
coating thickness with increasing depth into the blind hole. These results show that the throwing power of 
5% sulfuric acid is no worse than the throwing power of chromic acid. 
Process Tolerance 
The effect of various processing variables on coating thickness is shown in Figures 7 through 9. 
Figure 7 shows the effect of changes in temperature with voltage and time held constant. The thin-film 
sulfuric acid process is fairly temperature sensitive, and to the same degree for all three alloys. If all alloys 
are to be anodized under the same conditions, the temperature of the bath should be kept at 72OF or less 
when using 20 volts for 20 minutes to keep the coating thickness at 0.2 mil or less for fatigue life. The 
process is also sensitive to voltage, especially the 6061 and 7075 alloys, Figure 8. If all alloys are to be 
anodized under the same conditions, at 70°F for 20 minutes, the voltage should be kept at 20 volts or less 
to keep the thickness at 0.2 mil or less. The results of the time versus thickness tests, Figure 9, show a 
strong dependence of thickness on time. Optimum anodizing conditions for a 5% sulfuric solution would 
be 70°F and 20 volts for 20 minutes. The tolerance on these variables is tight: f 1 volt; + 2°F; and f 2 
minutes. 
Coating thicknesses of the 6061 alloy increased linearly to 0.96 mil in 120 minutes (Figure 9), 
strongly suggesting that the process does not go to completion with this alloy. Coating thicknesses of the 
2024 alloy increased parabolically to 0.41 mil in 120 minutes. If the process does go to completion with 
this alloy, it would be at a point where the coating thickness is much greater than the recommended 0.2 
mil. During anodizing of the coupons, the current slowly increased with time, also indicating that the 
process is not going to completion. In chromic acid anodizing, the current drops to zero, indicating that the 
process is complete. If the thin-film sulfuric acid anodizing process is to be successfully implemented, 
close control of the anodizing time, temperature, and voltage must be maintained, especially if all alloys are 
anodized with the same parameters. 
Conclusions 
1. Thin-film sulfuric acid anodizing with nickel acetate sealing provides adequate corrosion 
resistance per ASTM B117. 
2. Thin-film sulfuric acid anodized 2024, 6061, and 7075 alloys can have the same or greater 
fatigue life as chromic acid anodized specimens provided the coating thickness is 0.2 mil or less. 
3. The throwing power of 5% sulfuric acid is comparable to the throwing power of chromic acid. 
4. The 5% sulfuric acid anodizing process does not go to completion. 
5. Close control of anodizing time, voltage, and temperature is very important to prevent overly 
thick coatings, especially if all alloys are to be anodized with the same parameters. 
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Figure 6. Anodized coating thicknesses versus depth into blind hole of throwing power test specimens 
of 2024 alloy. Sulfuric acid specimens were anodized at 70°F with 20 volts. 
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Figure 9. Effect of time on coating thicinesses of various alloys anodized in 5% sulfuric 
acid at 70°F and 20 volts. 
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Abstract 
The Boeing Company has been searching for replacements to cadmium plate. Two 
alloy plating systems seem close to meeting the needs of a cadmium replacement. The two 
alloys, zinc-nickel and tin-zinc are from alloy plating baths; both baths are neutral pH. The 
alloys meet the requirements for salt fog corrosion resistance, and both alloys excel as a 
paint base. Currently, tests are being performed on standard fasteners to compare zinc- 
nickel and tin-zinc on threaded hardware where cadmium is heavily used. The Hydrogen 
embrittlement propensity of the zinc-nickel bath has been tested, and just beginning for the 
tin-zinc bath. Another area of interest is the electrical properties on aluminum for tin-zinc 
and will be discussed. The zinc-nickel alloy plating bath is in production in Boeing 
Commercial Airplane Group for non-critical low strength steels. The outlook is promising 
that these two coatings will help The Boeing Company significantly reduce its dependence 
on cadmium plating. 
Introduction 
Boeing has been studying cadmium replacements for over 10 years. The original 
impetus came when Japan strictly limited and then outlawed the use of cadmium after 
elevated levels of cadmium were found in marine life. Cadmium accumulates in the liver 
and kidneys; therefore, long term exposure is harmful to humans. Cadmium is most 
frequently plated from a cyanide bath, and the acute toxic affects of cyanide are well- 
knownl. In 1990 Environmental Protection Agency's (EPA) "33150" Plan for reduction of 
17 chemicals including cadmium and cyanide became a goal for Boeing to reduce its 
hazardous chemical usage. Heretofore, Boeing has been looking for a replacement to 
cadmium. 
Cadmium has some unique properties. One of its most useful properties is its 
lubricity. Cadmium plate smears and lubricates as it is pushed or torqued against itself or 
other metals, hence its usefulness on fasteners and gears. The sacrificial corrosion 
tendency is also a valuable asset of cadmium; cadmium is used on steel fasteners, gears, 
and various steel parts which need protection from corrosion. The ease of application and 
sacrificial corrosion properties of cadmium have made it the material of choice for 
dissimilar metal stackups. 
Two alloy plating systems are the promising candidates for replacing cadmium at 
Boeing. Zinc-nickel alloy (90-10%) plated from a neutral chloride bath has been in 
production for a year in the Boeing Commercial Airplane Group. The typical parts plated 
in the zinc-nickel bath are clips and brackets, mostly flat, low alloy steel parts. The second 
alloy plating being pursued is tin-zinc alloy (80-20%) from a neutral, ti&, bath. This 
system is still being tested on a laboratory scale. This paper will discuss the properties 
such as: corrosion resistance, adhesion, paint adhesion, torque tension, hydrogen 
embrittlement, and electrical resistance of these alloy plates. 
Technical Accomplishments: 
Corrosion Resistance. 
One of the most imponant aspects of cadmium plate is its corrosion resistance. Any 
replacement must meet or exceed its performance. Boeing uses the requirement of no 
corrosion products after 96 hours of salt fog testing per ASTM B 1 172 as the determination 
of corrosion protection, the same criteria as cadmium, QQ-P-416, type II. Unofficially, 
500 hours and no red rust is also a criteria to beat. Zinc-nickel and tin-zinc alloys (with a 
chromate conversion coating) have been shown to pass the 96 hours of salt spray, and also 
to pass 500 hours typically with no red rust. Zinc-nickel routinely lasts 1100 to 2000 
hours before red rust occurs3. Tin-zinc has lasted up to 1000 hours before red rust 
occmed. 
One concern with the tin-zinc alloy is the variability of the alloy composition and its 
effect on salt spray. Figure 1 shows salt spray data for various alloy compositions; the best 
salt spray results for tin-zinc are seen at a composition of 8 to 18% zinc with red rust 
appearance averaging 850 hours of salt spray. Panels with very low zinc concentrations 
(1% or less) exhibit the properties of a pure tin coating, i.e., the coating is no longer a 
sacrificial coating, but a banier type coating, and the thin (8 to 13 pm) coating does not 
protect against corrosion. 
Tin-Zinc Salt Spray Hours to 
Red Rust 
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Figure 1. Tin-Zinc Salt Spray Data Based on Percent Zinc 
Boeing has spent a great deal of time researching the properties and control of the 
alloy compositions h m  the alloy baths, since alloy composition can impact performance. 
Boeing's zinc-nickel alloy does not have this problem of alloy dependant corrosion 
protection. The alloy composition remains stable when the bath is controlled within the 
k g e s  given in the p-&cess-specification4. An experiment (full factorial with 3 replicates) 
varying the current density, pH, and temperature resulted in a stable alloy of 80 to 94% 
zinc, 20 to 6% nickel with a 3% variation per pane13l4. Although composition was in the 
given range, high pH values at ambient temperatures did result in salt spray failures. 
Another experiment (half-fractional factorial) with four factors was run on zinc-nickel 
specifically to identify alloy composition variations. The four factors were zinc and nickel 
concentrations, pH, and current density. Results showed a steady alloy composition of 81 
to 89% zinc. An incompatibility of high zinc concentration and higher than pH 7.0 caused 
a precipitate to fom during two runs, and the baths were not used in the experiment. If an 
all zinc panel were to be plated, it would still protect sacrificially, and thereby ensuring 
corrosion protection. A pure zinc coating is not optimum since excessive white corrosion 
products can form. 
Tin-zinc is much more difficult to control for alloy composition. An experiment 
was run using a half-fractional factorial with five factors (resolution 111). The five factors 
were: tin+2, zinc, pH, agitation, and temperature. This experiment was run in a Multi-cell 
(similar to a Hull cell), so that the current density was also a variable measured. Current 
density has been shown to influence the alloy composition, low current density plates out 
lower zinc concentrations (Figure 1). This experiment was completed in June, and 
thorough analysis of all the data has not been completed. However, the initial trend is that 
the most significant factor is the current density; temperature also appears to be significant. 
The zinc concentration and pH do not appear to effect alloy composition. Confirmation 
runs need to be completed to double check these results. The next step is to determine the 
practical ways to control the factors to yield optimum alloy composition for corrosion 
resistance with every run. 
Adhesioflaint Adhesion 
There have been few problems with either alloy plate acheiving adhesion on various 
substrates. The most common use is on low alloy steels. Substrate preparation involves: 
degreasing, descale/derust, alkaline clean and activation, dilute acid dip and plate. A strike 
in the zinc-nickel bath (60 to 90 ASF for 60 seconds initially) increases adhesion. Plating 
on stainless steel has also been accomplished using a nickel strike prior to plating. Both 
alloys have been plated onto aluminum, for experimental purposes only, following a 
Boeing Process Specifications for activation of the aluminum, and with adequate adhesion 
following plating. 
Adhesion testing on steel6 involves bending substrates around a mandrel equal to 
the thickness of the panel (essentially 180') until fracture, then identifying any peeling or 
flaking as adhesion failure of the coating. Adhesion testing for aluminum is not as severe, 
with a 225OF bake for one hour and then noting any blistering as failures. 
Both zinc-nickel and tin-zinc were also tested for adhesion of primers and topcoats 
to the plated surface. Electroplated panels were primed with an epoxy primer, and then 
tested. There was no loss of adhesion, for both chromated and non-chromated panels. 
Fasteners 
An important use of cadmium is on threaded hardware where its lubricating 
qualities allow easy installation and removal of fasteners. Although Boeing is not involved 
in fastener manufacturing or finishing, a great number are used in the manufacturing of 
airplanes, and other hardware. A replacement for cadmium on fasteners would be 
beneficial to the fastener manufacturers also in reducing their use of an EPA targeted 
material. 
Zinc-nickel and tin-zinc alloys were plated onto standard nuts and bolts which had 
been stripped of their original cadmium finish. Next the nuts were dry lubed, this is the 
standard finish for cadmium plated nuts. The nut and bolt combinations were tested for: 
run-on torque, breakaway torque, and tension. A cadmium-cadmium combination was the 
control. Tests were run with the alloy-plated bolts mated with cadmium nuts, and alloy- 
plated bolts and nuts. All conditions except one produced desirable results as compared to 
cadmium in the as-plated condition. The only condition which failed was zinc-nickel on 
corrosion resistant steel with cadmium plated nuts (Figure 3). The run on torques and 
tensions were similar to cadmium for tin-zinc and zinc-nickel plated fasteners (Figures 2 
and 3). Breakaway torque was also similar in the initial condition (Figures 4 through 7). 
Run-on torque, measured during the time the nut was screwed onto the bolt, was not to 
exceed 30 in-lbs, or excessive galling would occur. Breakaway torque is the torque needed 
to initially loosen a nut from a bolt, this should also be below 30 in-lbs. The tension is 
measured when the nut and bolt are mated. Ideal tension (lbs) is 60% of the ultimate tensile 
strength (UTS) for a particular bolt; in this case it is a 160ksi bolt = 6470 Ib UTS yields 
3882 Ib ideal tension. If the tension i~ too low, the nut will not stay screwed in place, too 
high and it cannot be removed. 
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Figure 2. Run-on Torque 
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Figure 3. Tension 
The nut and bolt combinations were then placed into the salt spray chamber for 500 
and 1000 hours. There was not a standard test procedure for salt spray testing of fasteners, 
so the cadmium breakaway torque specimen was considered the control, and any large 
deviations fiom its value would be considered unacceptable. The data from 500 hours 
indicated tin-zinc and zinc-nickel breakaway torques were much higher than cadmium, and 
would probably be unacceptable for removd and reinstallation. Breakaway torque values 
at 1000 hours of salt spray were improved for tin-zinc, the values were similar to cadmium 
in every combination except alloy steel nuts and bolts (Figures 4 through 7). The alloy 
steel combination is the most important in terns of usage; however, since this is a small 
sample size further testing is necessary to confirm. Zinc-nickel nuts and bolts had high 
breakaway torques after 1000 hours on all combinations. 
Concurrently nuts and bolts were installed on a block of bare 7075 Aluminum, then 
primed and painted with an epoxy primer and enamel, to see the corrosion potential in such 
a coupling. The cadmium and titanium controls performed the best after 1 0  hours of salt 
spray with very little corrosion. Next, tin-zinc looked better than the zinc-nickel except for 
one set of CRES with tin-zinc. Zinc-nickel is not being pursued as a coating for fasteners, 
but more testing is being planned to determine the viability of tin-zinc on fasteners. 
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Figure 4. Breakaway Torque for Alloy Steel Bolts 
with Cad Plated Nuts 
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Figure 5. Breakaway Torque for Alloy Steel 
Bolts with Same Finish Nuts 
w CRES Bolt and Cad F i s h  N- so- CRES Bolts and Same Finish 
Breakaway Torque Breakaway Torque 
so. so. /= 
0 40. / # H* 
( y  
-' - a-N 
.---)- as 
0 
8 0 
0 m IDDO 0- ab l* 
scr.1 (an) sr*.r (Hn) 
Figure 6. Breakaway Toque for Comsion Resistant Figure 7. Breakaway Torque for Corrosion 
Steel Bolts with Cadmium Finish Nuts Resistant Steel Bolts with Same Finish Nuts 
Hydrogen Embrittlement 
Hydrogen embrittlement is a critical concern on high strength steel parts due to the 
possibility of catastrophic failures. Boeing currently uses a cadmium-titanium alloy 
plating7 for high strength steel parts needing corrosion protection. During the development 
of the zinc-nickel plating process, the propensity to low hydrogen embrittlement was 
considered a critical criteria. Over 150 notched tensile specimens were tested per ASTM 
F5198.9. Specimens passed when they were baked for hydrogen removalg. A Boeing- 
developed system for measuring hydrogen pick-upl* in cadmium-titanium alloy is used to 
reduce the time to qualify the bath from 200 hours for ASTM ~5 1 9 ~  testing to less than one 
day. This system does not work for the zinc-nickel system. The lack of a quick method 
for measuring hydrogen in zinc-nickel plating has hindered the implementation of zinc- 
nickel for high strengths steels. 
Preliminary testing on tin-zinc (six notched tensile specimens) has yielded one 
failure. The use of this bath as a low hydrogen embrittlement alloy is possible, but many 
more tests are needed. 
Electrical Properties 
Electrical conductivity across the overlapping joints is required of "black boxes" to 
prevent electromagnetic interference (EMI) problems. The conducting joints are not 
allowed to pass high frequency currents either into or out of the electrical boxes. These 
boxes are often made of aluminum which is nickel plated because of nickel's good radio 
frequency (RF) response. Nickel is; however, not compatible with aluminum so it is 
typically overplated with cadmium. Tin-zinc was tested as a replacement for cadmium in 
this situation. 
Aluminum panels (2024-T3) were tested for electrical contact resistance. The 
following surface preparations were used prior to tin-zinc plating: 1) anodize with 
electroless nickel, 2) zincate no'nickel plate, 3) zincate with nickel strike and plate, 4) 
zincate with iron strike and nickel plate. Low electrical resistance for tin-zinc plating, in the 
range of 0.5 to 2.5 milliohms was measured (Figure 9). The panels were then placed in 
salt spray for 96 hours. There was no change in the resistivity measurements. Corrosion 
resistance was worst using a nickel plate and nickel strike in method 3. The best corrosion 
results were using the zincate/copper strike and tin-zinc plate as in method 2. Although 
some corrosion products formed during the salt spray, it was not considered a result of 
galvanic incompatibility. 
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Conclusions 
Zinc-nickel alloy is already in use at Boeing reducing our reliance on cadmium 
plate. As more production time is garnered, evidence of its superior corrosion resistance 
will be noted, and the question of its usefulness for high strength steels will be resolved. 
Tin-zinc is still in the developmental stages, but appears to be a superior coating for more 
lubricity type uses such as gears and possibly fasteners. Process control of the alloy 
composition still needs to be optimized, but the properties such as corrosion resistance, 
adhesion, resistivity and galvanic couplings are positive benefits of tin-zinc plating as a 
replacement for cadmium plating. 
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REPLACEMENT OF CORROSION PR-ON CHROMATE PRIMERS AND PAINTS USED IN CRYOGENIC 
AF'F'LICATIONS ON THE SPACE SHUTI'LE WITH WIRE ARC SPRAYED ALUMINUM COATINGS. 
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With the advent of new environmental laws restricting 
volatile organic compounds and hexavalent chrome 
emissions, "-taly safew thermal spray cuatings are 
being developed to replPce the traditional camion protection 
chromate primers. A win arc sprayed aluminum coating is 
being developed f a  cormion protection of low pressure 
liquid hydrogen cPrrying ducts on the Space Shuttle Main 
Engine. Currently, this hprdwcrrc utilizes a chromate primer 
to provide protectioa rrgahst conanion pitting and svess 
corrosion cracking induced by the cryogenic operating 
environment. Thc wire rrc sprayed aluminum coating has 
been found to have good potential to provide corrosion 
protection f a  flight hard- in cryogenic appli- Tbc 
c d n g  development, adhesion test, corrosion test and 
cryogenic flexibility &st d t s  will be presented. 
Chromate primers are used to provide corrosion 
pnwection f a  aerospace hadware in cryogenic applications. 
One such application is the Low Pressure Fuel Turbopump 
(LPFI'P) Discharge Duct used on the Space Shuttle Main 
Engint. 'Ihe LPI;IP Discharge Duct cMies liquid hydrogen 
(-423 OF) fuel rEroer the L~w-R~wNc Fuel Turbop~mp 
dkharge to the inlet of the High-Resnare Fuel Tutbopump 
(sac Figure 1). Tbe LPFIF Discharge Duct is f&brhed 
from 21-6-9 CRES (Mn 8.0 to 10.0. Cr 19.0 to 21.5, Ni 
5.5 to 7.5) which is insulpred with polyurethPnc foam rrad 
them nickel plated 
Pitting comaion rraQ stress uxxwiua cracking hPs been 
found on thew ducts &ex various periods of m i c e .  
Chbride contamination wm identified os the initistor of tbe 
corrosion, although the exact source of the chlorides is not 
kaown. Even though 2169 CRES is generally considered 
comxsion resistant, the cumdon problem is accentuated by 
tbe crevice corrosion situation mated under the foam 
insulation (1). To prevent this d o n ,  a chromated 
primer system was qualified and bas proven to provide 
rdequace corroeioa p m w h  fa many years. 
HOWCVCZ, witb inaerrsing health risk and cnviroamartal 
harm due to hazardous materials, many materials are 
BchaduledtobceJimirrptedinthenwfututc. h n g t h e  
materials to be eliminated, due to excess emissions of 
hexavalent chromium and volatile organic compounds 
(VOCs), is the chromate primer system used on the LPFW 
Discharge Duct Other organic mtings have been evaluated 
for this application with little rroccess, primarily because of 
difficulty meeting the cryogenic adhesionJflexibility 
Figure 1 Ibc Space Shuttle Main Ihgine b w i q  tbe Zrm 
R e r a P e P u a l ~ D i r c ~ e D u a  
requircmenur. Due to the excellent adhesive simgth and 
cryogenic matedal propert&. a w h  rrrc sprayed (WASed) 
duminum coating is being developed SO replace tbe chromatc 
prknenr subjected to cryogenic conditioas on nxkq engine 
-ponents. 
Although t h d  sprayed msim prokction coatings 
baw beea used extensively to date, none haw beem dereloped 
far cryogenic applications. The WAS aluminum coating 
developed meets the stringent edhcsioa and cryogenic 
fkxib'ity req-ts of the LPFTP Didurge Duct Md 
tbe coating offen v e y  good uxrosion protection f a  stee.ls 
andothercnros iao~&y~  
This rtpart pteseats the details of tbe costing 
&vclopmeat pmgrcuP completad including tbumal gray 
p#mmem development, surface preparati011.d uptimum 
coating thickness. Corrosion resistance, cryogenic 
fkxiiiandadhesioatcstresulfsrucalsopresented. 
Thc wire arc sprayed aluminum coating was selected 
basedoncnvironmeatal,cost,a~iandperfotmance 
conceran Metalized coatings wexe chosen f a  their proven 
mmsicm potection uqddities (2) and their typ idy  high 
adhesive strength. These coatings not only act as an 
effective bnrrier coat but because they are more anodic than 
steel (see Table I), tbey act as a sacrificial am& end give 
wvanic protection to the substrate. Thus, d o n  of the 
subsit.dlte will be preven&d even where casting coverage may 
be incomplete a where the coating may be damaged (3). 
With the addition of a sealant a top coo^ a theamal sprayed 
mating has long life and is espy to clean and maintain. The 
s e a h n t d o e s ~ ~ & e ~ t t h e - ~ .  
mwkearcsprayprocessappliesmetnlcoatingsusing 
metal feedstock in wire f m .  Two wires serving as the 
positive and negative electrodes advance to meet in a location 
m the atomizing gas. A potential is applied to the wires so 
thatmurisffocmed8tthewkein~tioocauSingthewire 
tips to melt. Atomizing gas flows across the arc zone 
propelling molten metal droplets to the substrate (see Figw 
2). Becauseofthehightem~inthearczweMdthe 
supexheating of tbe molten particles, wire arc spray coatings 
tend to have excellent adhesion and cohesive strength. 
Substrate heating however, is significantly lower than most 
thermal spray processes because there is no flame. In 
addition, wire arc spray systems are light and portable 
albwing f a  on-site application or repair of coatings. 
Aluminum d zinc and their alloys are the most 
commonly used metals for corrosion protection CQatings. 
Zinc, however, was not considexed due to it's excessive rate 
of corrosion (4). Aluminum and aluminum alloys were 
initially selected b a d  on their electrochemical potential, 
good mamid properties at cryogenic temperatures, low 
weight and availabii. 
Preliminary sxeedg of aluminum and two alloys, A1 
4043 and Al5356, coatings was performed in an effort to 
select one coating f a  further study. The screening tests 
consisted of flexibility, adhesion and 30 day salt fog 
expuns. The best performing coating was selected for 
further evaluation in cryogenic flexibility, thermal cycle 
testing and exrended salt fog ex-. 
The parameter development pocess concentrated on the 
setup of five fmdamental parameters that are common with 
most themd s p y  processes. These were: 
1)SufPcepreoaration 
2) Atomizing Gas 
3) StandoffDistance 
4) Power Seaings 
5) Gun and Part M o h o  
As with mast development programs, it soon became 
evident bat the controllabk pamekm were not independent 
of each other. In ordet to evaluate the affects of parameter 
changes a "goodness" criteria was developed and used to test 
each change. This criteria was the coatings ptxformance in a 
bend test. This test is described in detail in the 
"Expeirmental Testing" section later in this paper. The 
coahgpassesthetestifi<wsof~onorcoatingnacks 
do WOCCIP. TktestismademcKeseverebydeaeasingthe 
bend radius. 
Several surface prepamtion techniques were investigated 
ranging from grit blasting to a light hand sand. A4 
important factor in the &cision was the inspection 
requirements on the LPFTP Discharge Duct. Periodically 
the duct is taken out of service and the foam and chromate 
paint is stripped off so the exterior can be inspected for 
corrosion pitting and cracking using N c  dye penetrant If 
the exterior of the duct had been severely roughened, as with 
grit blasting, the N c  dye penetrant would show many false 
indications because of its extreme sensitivity. Our testing 
proved this to be true so grit blasting was ruled out from the 
start. A variety of hand sanding techniques were tried with 
different grit sand paper. From these test, a light hand sand 
with 320 grit A203 sand paper and aumne final c b  gave 
a good surface f a  coating ldhesion and was smooth enough 
for IVc dye penetrant inspection. 
At the beginning of the study, it was assumed that an 
inert atomizing gas would perf- better because of the less 
likelihood of oxide formation. This turned out to be a false 
assumption. A variety of atomizing gasses were tried 
including; argon, 95% Ar - 5% H2, nitrogen, and air. The 
different gasses were tested using bend tests to evaluate 
adhesion and microstructure to determine oxide content and 
density. Surprisingly using argon, argon-hydrogen and 
nitrogen as the atomizing gas showed w decrease in oxide 
content within the microstructure as compared with using 
air. Also, using air as the atomizing gas showed a marked 
increase in bond strength over the other three. This higher 
bond strength is most noticeable on ferrous substrates, 
although air seems to generally give higher bond strengths 
Table I R e W e  EMF Potmtiab fa Galvanic Cmarion (5) 
EMF PotenUals for Gafvank Corrosion Cathodlc Pr~ttt~tion 
Protocthrecoathg 
METAL EMF (V) BknetaUk (0.g. Thermal Spray Al Corrosiocr 
NobbEnd I"CO"g'625 024 
(cathode) 21 6-9 CRES 0.14 
s k r  0.00 
kKxwrel718 0.13 
N i  200 0.14 
Copper 0.16 
Al Alby 2024 -0.65 Nobler Metal: 21 -6-9 CRES 
Al Alky Tens-50 -0.79 (LPRP Discharge Duct) 
(-1 Akrmhum 0.80 
-End AlUby5052 -0.96 
Nobier matal protected from ~ ~ ( r o s b n  
due Do saa i fb l  Pnodic cnating. 
F 
on moat metals wbea spying Pkuninlun. 
The different standoff distances were evaluated, these 
being 5 in, 7 in Md 10 in. The 5 in and 10 in distances 
tendedtodegrPdtthemiaostr\lct\irebyincrepsingporosityas 
comparedto7m. 5hand7ingavesimilargoodresultsin 
the bend test, but the 10 in distance showed a marked 
reduction in cuating rdhesion. A standoff distance of 7 in 
gave the best werall results. 
Theseuingsf0rthepowcrinputtothewirerrrr:gunare 
controlledbythepolkrersupplypndthewirefeadr~te. The 
desired voltage is dialed In and the power supply will wy 
the amperage output needed to maintain that voltage. As the 
wirefeedrpteis~theamperageoutputatthepower 
supply will increase to maintain the set voltage. These 
pmmebm wen mtvcuiedmuch since there isonlyanarrow 
operating range for each particular wire material. The 
voltage is adjusted by nmning the equipment ad varying the 
vdtagc until a smooth uniform arc achieved as the wired 
meez If the voltage is slightly above or below the optimum 
point, the w i n  will pop and spit The current is set by 
inmasing the wire feed fate to a point just below the speed 
when wire popping occurs. The final parmeten are shown 
m Tabk XI. 
Development of gun motion was done to achieve 
approximately 0.001 in of deposited materiaI per pass. The 
gun motion was provided by an X-Y manipulator. The 
subsmewasheldstationaryondthegunpassedbackand 
footh in front of it. After each crossing pass the Y axis 
moved up or down a specfied amount to provide full 
coverage as the manipulator moved up and down the length 
of the substrate. It was found that a Y-step of 0.35 in after 
each X-pass gave a uniform coating with consistent 
thiclncss. An X-axis mversc velocity of 15 in/sec was 
found to deposit approximately 0.001 in of material. 
Several issues were considered during the hardware 
pmcess development phase. These include win ax spraying 
huge parts of complicated geometry's (elbows, bends, etc.), 
coating inspection and qualification, coating removal, 
a d n g  repair a d  inspection after d n g  removal. 
The insulated Liquid hydrogen carrying ducts wen the 
primary rocket engine components investigated requiring 
camsion protection. Typically these parts have complicated 
geometry's and are diff~~ult  to handle and manipulate. With 
this in mind, part prousing became a major consideration. 
Two methods far part processing were considered; robotics/ 
automation and wire arc quay "by-hand". Due to the high 
upfrant expense f a  the required robotics to handle the ducts, 
sprpying by-hand was pursued and will be discussed. To 
prepare for spraying by-hand, a Taguchi design of 
experiments was performed to determine the primary 
processing control factors and to1-. Additional work 
includes spray by hand on practice ducts and elbows. 
Inspection and qualificatian of the wire arc sprayed 
aluminum coating will be required after processing flight 
hardware. Methods cordsidered, although the work has not 
been initiated, is visual, thickness measurement (eddy 
current, dimensional), tape test, and bend test witness 
~ p o n s .  
After a period of time, typically part refurbishment is fog cabinet with a 5% salt solution conforming to ASTM B- 
required where by IVc dye penetrant inspection is used to 117. The coatings and the substrate of the panels were 
determine the existence of corrosion. The primary issue visually examined after 30,60,90 and 120 days of exposure. 
investigated in this study, involves complete removal of the Coatings were removed from the panels for substrate 
aluminum coating without surface contamination interfering inspection with a weak caustic soda solution. 
with the penetrant inspection results. The methods of Thermal Cycle. A cold flow thermal cycle test was 
coating removal investigated were low concentration caustic performed using liquid hydrogen (423 OF). A 21-6-9 CRES 
soda (NaOH, KOH), TURCO-4181 alkaline cleaner 
(currently used to clean fight hardware) and high pressure 
water (25,000 to 40,000 psi). In addition to part 
refurbishment, coating removal is required during hardware 
change out, such as a fuel flow meter replacement. In this 
situation a small portion of the coating will be removed and 
laterreumxl. 
Adhesion, corrosion resistance, cryogenic flexibility, 
and thermal cycle tests were performed to further evaluate the 
aluminum coating for use as a corrosion protection coating 
in cryogenic applications on flight hardware. 
Adhesion and Flexibility. The bend and tape tests were 
used to evaluate the coating flexibility and bond strength. 
The bend test was done using a 1 in bv 6 in by 0.050 in 
metal strip coated with the d a l  to be iested. ' h e  coupon 
and coating were bent over a known radius while at r i m  
temperam. After bending, the coatings were inspected for 
signs of ctacking a loss of coating adhesion. If the coating 
passed the bend test then a caified adhesive tape was applied 
over the coating at the bend area and quickly removed. The 
coating passed the test if none of the coating material spalled 
from the substrate. The bend and tape test was made 
increasingly mare severe by decreasing the bend radius. 
Initially samples were bent around a 0.5 in mandrel as 
this was the requirement for coatings on the LPFW 
discharge duct As the testing and development proceeded, 
the procedure included additional bends around a 0.3 in 
mandrel and a 180 degree bend applied by severely bending 
the sam~le back on itself and messinn it flat 
Figure 3 Cold flow test atticle during wire arc spray pcess. 
Cvigenic Flexibility. Tt;e cry4enic flexibility of the Fiv 4. Cold mt to fom M* 
coating was evaluated by subjecting samples to a bend test in 
liquidnitrogen. The Iheatedcdsam$es w&e loaded in a "Vn 
was mated wirh a WAS aluminm mariag Fgurcs block test future submerged in liquid nitrogen. The samples 4) then with f-. Liquid 
were allowed to stabilize at liquid nitrogen temperatures (- hydmgn was fhrough duct mfil (bc 
320 OF) and then bent to the radius of the fixture using a temperame stabilircd at appximately (-423 7). That manbl  of 2.8 inch in diameter. The mandrel size was 
a9s held fa the dcsind lens of tinr ud determined by examining the bend radii of dents in the 
sllowcd to warm up to mbient mm. Ten 30 minuie LPFTP discharge ducts which were damaged by cryo- 
sDBdy - cyc,cs were pafamd and dght bn. sudy pumping and selecting the most severe case (the smallest - cycle was - he (csting the rsulatim radii) for testing. After warming the samples to ambient - lcmwcd the WAS coating - cxamirrd temperature, the coatings were examined for evidence of 
a k i n n  or loss of adhesion. for cracking or loss of adhesion. S ~ F F O ~  Exgowe.  4 in x 6 in panels wexc hand sanded 
and wire arc sprayed with aluminum. Scribes were placed on 
each sample- *netrating the coating and making the 
substrate, allowing for evaluation of the cathodic protection 
capabilities for each material tested. The samples were 
mounted 6 degrees from the vertical and were placed in a salt Pure aluminum, A1 4043 and A1 5356 aluminum alioys 
were initially sxeened in an effort to choose m coating f a  
further study-. Coatings were smcned based on their 
adhesion, flexiiility and corrosion resistance capabilities. 
The coating's adhesion strength was evaluated quantitatively 
from the pass w fail bend test starting with 0 5  m diameter 
mandrel and ping to a 180 &&ne bend and tape test. In all 
cases the pure aluminum coatings performed tht best, 
followed by the A1 5356 coating and lastly the A1 4043 
coating. 
Each coating was also evaluated after 30 days of salt fog 
exposurt. Coatcd214S9CRESpanelswaem'bcdthrough 
the coating to the base metal to evaluate the cathodic 
protection provided by each Nuerial. After the 30 days of 
salt fog exposure, the coating and the mi wen visually 
examined f a  corrosion. The coating was then removed and 
the substrate was examined for signs of carrosion. 'Ihe pure 
aluminum and the 5356 alloy showed little cuating corrosion 
product and no substratt coxrosion was apparent There was 
s i ~ c a n t l y ~ ~ m p r o d u C t ~ U C C d f i o m t h e 4 0 4 3  
alloy and some rust stains were observed on the substxate. 
Based on tbe results of the screening tests, the pure 
aluminum was chosen for further evaluation. Additional 
tests included aycgmk bend, exrmkd salt fog exposure up 
to 120 days, and a thermal cycle cold flow test. 
Micrographs of the aluminum coating (see Figure 5) 
show the typical splat structure of a wire arc coating. The 
bond line shows an excellent inrerface even without a grit 
blasted surface. Ihe coating also exhibits above average 
density (greatet than 95%) for wire an: and no through 
Figure 5 Wire arc sprayed aluminum miaostructurc deposited 
on non-grit blast substrate, etched, magnification 400x. 
porosity, although for galvanic corrosion protection, some 
through porosity is acceptable. Surprisingly, there are few 
oxide W g s  between the splat particles even though air is 
used as the atomizing gas. Overall, a well adhered and dense 
wirearcspraycoating. 
The list of the final processing parameters is shown in 
Table II. Using these parameters, in conjunction with the 
Hobart TAFA 8835 Wire Arc Spray System, typical 
coatings as shown in Figure 5, were repeatably produced. 
Table II WAS Aluminum Coat Procaseing Pspiimctar 
To prepare for wire an: spraying parts by-hand, a Tapchi 
design of experiments was performed to dctermine the 
primary parameters to control and their corresponding 
tolerances. The process parameters investi- were gua to 
part stand-off distance, angle of incidence, gun speed and 
coating thickness. Coating adhesion and flexibility were 
used to evaluate the coating quality. Evaluation of the data 
revealed that the coating thickness and gun to paat std-off 
distance were the primary parameters contributing 
significantly to the quality of the coating. Using this 
infamation, repiesentative duct c b w s  were wire arr: spayed 
by-hand. Parts were processed with two passes while 
maintaining a stand-off distance of 5 inches to 7 inches. 
Visually, the coating appeared to be high quality. A tape 
test on the surface of the part vaified good coating adhesim. 
Caustic soda, alkaline cleaner and high pressure water 
was evaluated as coating removal methods. Samples wat 
IVc dye penetrant inspeaed prior to coating the samples with 
aluminum. The coating was removed and the samples again 
IVc dye penetrant inspected. Methods resulting in no 
kkground contamination during the inspection wac  found 
acceptable. Both the caustic soda and the aIkaline cleaner 
completely removed the coating efficiently, c l d y  and no 
background contamination was found during penetrant 
inspection. Since the TURCO 4181 is currently used to 
clean flight hardware, the high pressure water was not 
pursued. Howevez: preliminary investigations showed that 
high pressure water (25,000 - 40,000 psi) satisfactorily 
removed the coating without damaging the part. 
Wire Material 
Wire Size 
Substrate Material 
Surface Preparation 
Gun Hardware 
Spray Parameters 
Ionization Gas 
Gas Spray Pressure 
Wire Feed Rate 
Voltage 
Amperage 
Spray Distance 
Motion 
Traverse Speed 
UpIDown Step 
01T A1 TAFA) 
1/16 in Dhmem 
21-69 CREs (Nbxtic 40) 
Hand Sand 320 Grit 
mmcap 
Long Cross Nozzle 
Air 
80 psi 
3.6 WSCC 
28 Volts 
150 Amps 
7 in 
15 WSCC 
0.35 in 
The experimental results reported are for samples 
prepared with tbe developed parameters shown above. The 
surface was prepared with a 320 grit hand sand and acetone 
hand wipe. 
Adhesion Md Flexibility. The pure aluminum coating 
passed all bend and tape test (see Figure 6). The Al5356 
alloy passed only the tape and bend test around the 0.5 
inchmandrel. In general, the thinner coatings proved to have 
better adhesion and cohesive strength. But the pure 
aIuminum coatings up to 0.010 inch thick were 
Figure 6 Typical bend teat sample coated with wire arc sprayed 
aluminum (bent mund 05 inch mandrel). 
found to pass the all of the bend and tape test, including the 
18OdegRebend. 
Cryogenic Flexibility. Pure aluminum coatings of 
varied thicknesses, ranging from 0.004 inch to 0.010 inch 
were prepared for the cryogenic bend test. All coatings 
passed the cryogenic bend test. 
Corrosion Resistunce. During the initial 30 day test 
phase, coatings of varied thickness were evaluated. Coating 
thicknesses of 0.003 inch, 0.007 inch and 0.010 inch were 
tested. Observations of the test panels after 30 days of 
exposme were: 
1. no camion of the substrate 
2. aluminum oxide fonned covering the WASed 
aluminum coating 
3. the thicker coatings tended to blister and loose 
adhesion 
4. the 0.003 inch and 0.007 inch coatings remained 
in satisfactory condition 
Since the life of the coating is directly related to the 
coating thickness, the 0.007 inch coating, which did not 
blister or debond, (and was expected to last longer) was 
chosen for hnher salt fog testing. Additional panels w e n  
prepand and tested for 60,W and 120 days. Panels befort 
and aftex 90 and 120 day salt fog exposure are shown in 
figures 7-9. As shown. the mating remains intact and there 
is no cornion of the substrate. Some exposed bast metal 
canbesecnalongtheedgesofthe~lsandthae~somt 
blotchy areas where the costing appears to have thinned The 
exposed metal area of the panel increased when exposed fur 
120 days. After removal of the coating, examination of the 
substrate revealed no uxrosion. 
Although wire arc spray coatings have been used in the 
past for numerous corrosion prevention applications, its use 
in a cryogenic environment has been nonexistent. 
Rocketdyne's commitment to elimination of hazardous 
materials on the SSME and other rocket engine systems 
presented an excellent application for wire arc sprayed 
aluminum's use in a liquid hydrogen environment. In 
developing this alternative process for providing corrosion 
protection fot the SSME, a number of innovations were 
dined, 
Parameters were developed that enabled a dense well 
adhered wire arc sprayed aluminum mating to be applied to 
both flat and cylindrical 2169 substrates. It was found that 
using air as the atomizing gas at a high pressure (80 psi) 
gave the best microstructure and bond strength. Using air as 
the atomizing gas was shown to give higher bonds strength 
on ferrous substrates than using w inert gas. 
The wire arc sprayed aluminum coating was shown ib 
survive ayogenic bend tests on a 2.8 in OD mandrel. This 
achievement is significant in the fact that no other cormion 
protection paints, other than the currently used hazardous 
chromate primer, weae able to survive this test. 
It was shown that wire atc sprayed pure aluminum 
provided better corrosion protection on 21-6-9 than the Al 
4043 and Al 4043. The wire arc sprayed aluminum proved 
that it could provide protection for 21-6-9 in 30,60,90, and 
120 day salt fog test, a signXcant achievement for any 
cathodic proteaion coating. 
It was shown that the coating could be sprayed onto 
rcpkesentative SSME duct hardware and thae me no apparent 
significant flight hardware processing issues. A cold flow 
test specimen was cycled from liquid hydrogen tcmpeaum 
F i  7 com!di test p e l  wire rre sprayed with dumhrrm 
(=-ppayed). 
F i p  9 Wire m: sprayed aluminum coating .fta 120 day salt 
fog exposare. 
to ambient repeatably without any &gradation in the mating. 
In summary, it was shown that wire arc sprayed 
aluminum can be used to replace environmentally tmdesirable 
chromate paints and primers used for corrosion protection of 
cryogenic hydrogen carrying ducts on the Space Shuttle Main 
Engine. 
The authors w d  like to acknowledge the work of Yoon 
Liaw. Phil Krotz and Tim McKechnie for material 
development and analysis and Jim Bonds for wire arc 
equipment operation and maintenance. This work was 
p e x f '  under ?he NASA contact NAS840000. 
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ABSTRACT 
Aerospace coatings represent a complex technology which must meet stringent performance requirements 
in the protection of aerospace vehicles. Topcoats and primers are used, primarily, to protect the structural 
elements of the air vehicle from exposure to and subsequent degradation by environmental elements. 
There are also many coatings which perform special functions, i.e., chafing resistance, rain erosion 
resistance, radiation and electric effects, he1 tank coatings, maskants, wire and fastener coatings. 
The scheduled promulgation of federal environmental regulations for aerospace manufacture and rework 
materials and processes will regulate the emissions of photochemically reactive precursors to smog and air 
toxics. Aerospace organizations will be required to identify, qualify and implement less polluting 
materials. The elimination of ozone depleting chemicals [ODCs] and implementation of pollution 
prevention requirements are added constraints which must be addressed concurrently. The broad 
categories of operations affected are the manufacture, operation, maintenance, and repair of military, 
commercial, general aviation, and space vehicles. 
The federal aerospace regulations were developed around the precept that technology had to be available to 
support the reduction of organic and air toxic emissions, i.e., the regulations cannot be technology forcing. 
In many cases, the regulations which are currently in effect in the South Coast Air Quality Management 
District [SCAQMD], located in Southern California, were used as the baseline for the federal regulations. 
This paper addresses strategies used by Southern California aerospace organizations to cope with these 
regulatory impacts on aerospace productions programs. All of these regulatory changes are scheduled for 
implementation in 1993 and 1994, with vatying compliance daies established 
INTRODUCTION 
1.0 Regulatory Requirements and Policies 
Clean Air Act Amendments. The 1990 Clean Air Act Amendments [CAAA] require the Environmental 
Protection Agency [EPA] to develop regulations designed to reduce the emissions of volatile organic 
compounds [VOCs] and hazardous air pollutants [HAPS] generated by the US aerospace industry. The 
EPA solicited data from major aerospace organizations, including both civilian and government sources, 
to determine the processes which were the most polluting, emitting both reactive organic gases [precursors 
to urban smog] and hazardous air pollutants, which cause harm to the general public health. 
Section 183[b][3] of the CAAA dictates the development of a control techniques guideline [CTG] which 
provides guidance to state and local agencies for the development of regulations to reduce VOCs. Only 
areas designated as in "non-attainmentff with federal standards are mandated to follow the baseline 
emissions standards for VOC. Section 1 12 of the CAAA requires the promulgation of National 
Emission Standards for Hazardous Air Pollutants [NESHAP] to control the emissions of HAPS from 
major sources. A major source is defined as any source with the potential to emit 10 tons per year of a 
single HAP or 25 tons per year of the aggregate HAP emissions from a facility. Both regulations are 
scheduled for promulgation by the end of 1994, with compliance dates of 18 to 36 months following 
promulgation. 
An aerospace facility, as defined by the EPA, is a facility that produces in any amount an aerospace 
vehicle or component, or a facility that reworks [or repairs] these vehicles or components. Aerospace 
operations at any major source that conduct both aerospace and non-aerospace work would be subject to 
the proposed standards, regardless of the relative proportion of aerospace and non-aerospace work at the 
facility. The EPA estimates there are 2,879 aerospace facilities that will be subject to the proposed 
standards. Of this number 1,395 manufacture or rework commercial products, and 1,474 manufacture or 
rework military products. The combined HAP emissions from these facilities [excluding subcontractors] 
are estimated to be over 208,000 tons per year. 
The aerospace coatings regulated under the NESHAP are shown in Figure 1. Materials and processes 
regulated under the NESHAP are subject to maximum achievable control technology WACTI, as 
emissions from these materials are believed to be carcinogens, reproductive toxicants, or can create other 
serious health effects for exposed personnel. Additional materials and processes which are regulated 
under the NESHAP, but not discussed in this paper, are: cleaning operations; hand-wipe solvents; 
coating spray gun cleaning; flush cleaning; aircraft depaint operations; chemical milling maskants; and 
procedures for handling non-RCRA waste. 
Figure 2 shows the aerospace coatings and materials proposed for regulation under the CTG. These 
materials are subject to reasonably available control technology [RACT], which has less stringent 
regulatory requirements and has a lower cost of compliance. The materials regulated under the CTG are 
3% 16500 tons] of the total of the aerospace emissions. 
Figure 1. NESHAPStandards Established for Primers and Topcoats 
Primer & Topcoat 
There are additional requirements for performance tests and test periods; test methods and procedures to 
determine the organic HAPS content of the primers and topcoats, the efficiency of the carbon adsorber, 
and alternative application methods; monitoring and recordkeeping requirements; and reporting 
requirements. 
Standards 
1. Organic HAP content limit: 350 gramsfliter [less water] 
as applied. 
2. VOC Content limit: 350 grarnditer [less water and 
exempt solvents] as applied 
-
3. Organic HAP content limit: 420 gramsfliter [less water] 
as applied. 
4. VOC content limit: 420 grarnditer [less water and 
exempt solvents] as applied 
5. Primers and topcoats can achieve compliance through: 
[I] being below limit in themselves or [2] average with 
compliant primers 
6. Primers and topcoats cannot be averaged together. 
7. If wntrol device is used, must be designed to capture 
and control all emissions from the application operations 
and must achieve an overall control efficiency of at least 
81%. 
8. Specific application techniques must be used. If 
alternative is sought, can only be used if emissions are less 
than or equal to HVLP or electrostatic spray application 
techniques as demonstrated under actual production 
conditions. 
9. All application equipment must be operated according 
to manufacturer's specifications 
10. Exemptions from 8 above provided for certain 
situations 
11. Operating requirements for the application of primers 
that contain inorganic HAP, inchding control with either 
particulate filters or waterwash and shutdown if pressure 
falls outside manufacture's specified operating limits. 
12. Exemptions from 1 1 provided for certain application 
operations. 
- 
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A public hearing is scheduled for the NESHAP on 15 August 1994, with promulgation within 30 days. 
The CTG is currently under development by a joint task force composed of representatives from the EPA, 
Aerospace Industries Association [AIA], Department of Defense, and NASA. The italicized materials 
in Figure 2 are candidates for transfer to the NESHAP document, because of their high VOC and 
somewhat higher volumes of usage. 
Elimination of Ozone Depleting Chemicals. The requirement to cease the manufacture of Class I ozone 
depleting chemicals [ODCs], as stipulated by the 1990 CAAA, is imposed concurrently with the 
requirements to comply with the NESHAP and CTG. Executive Order 12843, signed by President 
Clinton in June 1993, mandates the elimination of the use of ODCs at federal facilities and requires the 
elimination of contract language that requires government contractors to use or deliver contract deliverables 
which contain Class I ODCs in new or modified contracts. 
Ozone depleting chemicals have historically been classified as "exempt" compounds, i.e., their emissions 
did not contribute to the VOC emissions from materials. Consequently, many organizations diluted their 
materials with "exempt" solvents to reduce the emissions to the regulatory-mandated limit. ODCs have 
been used quite widely throughout the aerospace industry for many processes which require non- 
aqueous solvents that are non-flammable and have high evaporation rates. 
The concurrent elimination of ODCs will complicate the process of complying with the CTG and 
NESHAP, as these materials will no longer be allowed for use in aerospace materials and processes. 
Pollution Prevention. Under federal regulations, all organizations are required to develop pollution 
prevention programs. However, the signing of Executive Order 12856 EPllution Prevenlkm and Right-to- 
ow in the G o v e a  [October 19931 placed additional requirements on federal facilities and 
organizations that perform on government-issued contracts. Most government agencies have established 
a goal of the reduction by 50 percent of releases and off-site transfers of SARA Title III chemicals fcr 
treatment and disposal by 1999. This reduction is planned not only for the federal facilities, but will also 
be included in the acquisition process for new and existing aerospace programs. 
The primary focus of the 50 percent reduction in the use of toxic materials is on the following chemical 
constituents, which are the largest volume use streams of the SARA Title In chemicals or pose significant 
health hazards: 
Benzene 
Cadmium 
Carbon Tetrachloride 
Chloroform 
Cyanide 
Dichloromethane 
Lead 
Mercury 
Methylene dianiline W A ]  
Freons 
Methyl ethyl ketone W K ]  
Methyl isobutyi ketone WBK] 
Nickel 
Tetrachlometh ylene 
Toluene 
Trichloroethane 
Trichloroeth ylene 
Xylene 
Diisacyanate 
Chromium 
In addition to the reduction requirements, government agencies have imposed the requirement for 
aerospace contractors to produce metrics on the volumes used of each product which contains these 
constituents and reduction status. The additional requirement in the Executive Order to revise Technical 
Orders and Military Specifications that require these materials is an enormous task. 
. . . Federal Acquisition, Recycling, and Waste Prevention. Executive order 19873 
Recycling. and Waste Prevention, signed October 1993, mandates the review and revision of specifications, 
product descriptions, and standards to enhance procurement of recycled or environmentally preferable 
products by government agencies. The order sets a minimum content standard for printing and writing 
papers and sets agency goals for waste reduction and procurement of environmentally preferable products. 
Additional requirements are environmental factors must be considered in acquisition planning for all 
procurements and in contract awards. Federal agencies must identify, evaluate, and revise standards 
or specifications that present barriers to minimizing the emission of harmful by-products. Each federal 
agency is required to establish goals for solid waste prevention and recycling to be achieved by 1995. 
The requirements in executive order 19873 will be flowed to the aerospace contractor via contractual 
language on new and modified contracts. 
Occupational Health and Safety [OSHA]. OSHA has also imposed more stringent industrial hygiene 
controls on some key aerospace materials: hexavalent chromium, cadmium, methylene dianiline, and 
methylene chloride. The increased controls, which include personal protective equipment, increased 
ventilation, specialized "set aside" control areas for use of these materials, add cost to fixed price product- 
ion contracts which were not originally anticipated or included in the government contract or 
the final price of the product . 
The aerospace industry has a unique problem in complying with changes in regulatory requirements. It 
can take up to 10 years to design a completely new aircraft. The production of complex aircraft, both 
commercial and military, relies on "long lead" procurement of assemblies, subassemblies and parts. Even 
though "rate manufacturing" can be between 5 to 50 units per year, many of the parts used were procured 
years earlier. Compatibility of reengineered materials with the "long lead" units already procured is a very 
large area of risk for this industry. 
2.0 Strategies for Survival and Cost Control 
Elements of the Strategy. The aerospace industry changes materials and processes in a very cautious manner, 
as these materials and processes must support a complex aircraft assembly which performs in a high 
risk environment. The pilot cannot pull the aircraft to the side of the road if an in-flight failure occurs 
which interferes with the ability the fly the aircraft safely. All aircraft have stringent performance 
requirements, which are defined by the aircraft mission, i.e., commercial [where passenger safety is 
critical]; military fight aircraft [where speed and agility are critical]; stealth aircraft [where low 
observability is a critical performance factor]. A simple material or process change can, in some cases, 
require the design allowables performance measurements be conducted again to verify the modified 
aircraft still meets the mission and flight safety requirements. 
A key element in developing a strategy for incorporation of regulatory requirements into the design, 
manufacture, operation, maintenance and repair of the aircraft is the development of an integrated strategy, 
which includes both the engineering performance requirements as well as the regulatory requirements. 
Many organizations delegate their regulatory compliance responsibility to an administrative organization 
that has little visibility or understanding of the aerospace product performance requirements or the 
inherent risks of changing the materials or processes without a complete engineering evaluation of the 
subsequent impacts. The administrative organization will also be frustrated because the design, 
manufacturing, and logistical support community will not employ source reduction, where possible, 
to reduce the regulatory risk. 
The second element in developing a successfUl strategy is the development of a long range strategic plan 
that will accommodate the advance planning for "long lead" procurements of components or assemblies 
for the aircraft. 
The third element of a successful strategy is automation. Most of the regulations, both environmental 
and occupational health and safety, require the knowledge of all hazardous and VOC-emitting constituents 
of each material and process used. It is atypical for the engineering design community to be knowledgeable 
of the chemical composition of the coatings, adhesives, sealants, and other materials used on the air 
vehicle. The design engineer is untrained in the basic chemistry of the materials and processes. The use 
of automation to marry the regulatory requirements to the regulated constituents in aerospace materials is 
essential in ensuring compliance and in cost control in the design effort. Automation also facilitates the 
preparation of the extensive reports required by the regulatory agencies. 
Strategy Development. Most aircraft systems are unique in their design, i.e., each system will have a 
unique fatigue profile for the design and materials of construction. Therefore, the first step in the develop- 
ment of a long range strategic plan is recognition that, in general, there must be a plan for each aircraft 
system. A "common" plan for multiple aircraft systems is more probable for commercial aircraft. 
Military aircraft are at the other end of the spectrum and a unique plan is usually required for each system. 
Space vehicles fall more toward the military end of the spectrum. 
Project or -Product- The environmental, occupational health and safety, and engineering 
community must integrate their missions, usually by employing a teamed approach to material and 
process changes. Typically the team will be composed of the following organizations: Materials and 
Processes; Logistics; Test Flight; Contracts; Procurement; Design; System Safety; Research & Develop- 
ment; Environmental Management, Occupational Health & Safety, and the Program Office. The develop- 
ment of the long range strategic plan and all subsequent changes to the materials and processes are 
reviewed by this team for all potential impacts. 
Automation. All regulated constituents in the air vehicle materials and processes can be scanned into or 
manually entered into a relational database. The data is extracted from the Material Safety Data Sheet and 
supplier data. All regulated constituents are identified by their chemical abstracts number [CAS#]. The 
multiple material safety data sheets that comprise a material system are grouped to identify all constituents 
in the "as applied" material system [i.e. a two-part coating which uses a thinner or reducer]. The material 
system is then linked to the command media, i.e., military or contractor specification, technical order. 
Commercial software is available which links the regulated constituents to all state, federal and local 
regulatory requirements. The final linkage is from the regulatory database to the command media which 
specifies it. The command media is the document used by all aerospace programs to ensure that only 
"qualified" materials and processes are used on an air vehicle, 
This type of automation allows users to quickly identify which materials are regulated by high risk or 
recently changed and new regulations. The automation also allows tracking of the volumes of the 
materials used. When cost control is desirable, the objective must be to spend the limited dollars on the 
materials which represent the highest risk, which includes volume and ranked regulatory risk. 
Approach. The approach used by Northrop B-2 Division was to progressively eliminate the use of the 
highest risk chemical constituents which posed the lowest technical risk and cost. Each material is 
characterized by the automation described above, which matrixes all local, state, and federal regulations 
which impact the materials or processes. All known "pending" or probable regulations are included 
in this matrix. This provides an approximate five year forecast of new regulations. The SCAQMD has 
been most helpful in assisting in these forecasts. All materials and processes are then designed to the 
most stringent regulatory requirements and forecasts. 
This five year forecast approach adds cost in the up-front design effort, but recovers the cost many times 
over by reducing the multiple qualifications of materials and processes as the regulations change. 
Each regulated constituent used was ranked, as shown in Figure 3. 
Acutely Toxic: causes biological damage as result of single exposure to 
Figure 3. Ranking of regulated constituents based upon regulatory and exposuie risks. 
An iterative decision process [Figure 41 was utilized to identify the highest-risk materials for replacement 
or implementation of control technology. The decision process incorporates both the engineering 
technical requirements with the regulatory requirements using a risk-based decision process. 
This process has allowed a rational management of regulatory requirements with a reduced cost. 
Production schedule interruptions are minimized as the plan allows the forecast of material changes and 
places them on a schedule. Cost control is achieved by avoiding the use of the regulated constituents in 
the initial design and by preventing iterative qualifications of the same material caused by implementation 
of new regulations. 
The long range strategic plan places the implementation of new regulatory requirements and the engineering 
closure plan to eliminate the material on the same time line. Each material is evaluated for total cost to 
use, i.e., hazardous waste, contingent liability, technical risk, health risk, regulatory risk, touch labor 
impacts, and capital asset replacement costs. Each project is assigned a process owner and metrics of 
progress on the project are reviewed regularly. 
The benefit of this approach is the production program will soon move ahead of the regulations. The 
process will no longer be compliance driven. 
Conclusions 
Compliance with the rapidly changing environmental and health and safety regulations is about 10 percent 
science of material substitution and 90 percent managing the process to control cost, schedule and 
performance, It requires that non-traditional teams from the regulatory and the engineering departments 
within an organization be formed to develop common goals and approaches. Where applicable, 
minimization of high risk constituents, rather than elimination, is employed to reduce risk to the air vehicle 
The cost of complying can be reduced significantly with automation, which also reduces the risk of 
non-compliance with a large and complex body of regulations. The goals of improving the environment 
and meeting the mission and performance requirements are not mutually exclusive -just a large 
management task which lends itself well to a systems engineering approach. 
Figure 4. Risk-based decision process for process management and development of the long range 
strategic plan 
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ABSTRACT 
Convent ional  spray appl icat ion processes  have poor  t ransfer  
efficiencies, resulting in an exorbitant loss in materials, solvents, and time. 
Also,  with ever  t ightening Environmental  Protection Agency (EPA) 
regulations and Occupational Safety and Health Administration requirements, 
the low transfer efficiencies have a significant impact on the quantities of 
materials and solvents that are released into the environment. High solids 
spray processes are also limited by material viscosities, thus requiring many 
passes over the surface to achieve a thickness in the 0.125 -inch range. This 
results in high application costs and a negative impact on the environment. 
Unt i l  r ecen t ly ,  requirements  f o r  a 100% sol id  sp rayab le ,  
environmentally friendly, lightweight thermal protection system that can be 
applied in a thick (>0.125 inch) single-pass operation exceeded the capability 
of existing systems. Such coatings must be applied by hand lay-up techniques, 
especially for thermal and/or fire protection systems. 
T h e  current formulation of these coatings has presented many 
problems such as worker safety, environmental hazards, waste, high cost, and 
application constraints. A system which can apply coatings without using 
hazardous materials would alleviate many of these problems. 
Potential  applications include the  aerospace thermal protective 
specialty coatings, chemical and petroleum industries that require fire- 
protection coatings that resist impact, chemicals, and weather. These markets 
can be penetrated by offering customized coatings applied by automated 
processes that are environmentally friendly. 
I n t r o d u c t i o n  
Currently EPA is preparing regulations and gathering studies to meet 
rules set by the United States Congress in the Clean Air Act Amendments 
(CAAA) of 1990. EPA is proposing new Control Techniques guidelines (CTG's), 
developing rules to limit emissions of toxic air pollutants through two 
programs, National Emission Standards for  Hazardous Air Pollutants 
(NESHAP's) and Hazardous Air Pollutants (HAP'S). 
Certain low-usage coatings were not addressed in the NESHAP. These 
coatings are adhesives, sealants, and 30 types of specialty coatings which 
represent less than 6 percent of the total HAP emissions from . the industry. 
Also, the EPA data analyses indicate that the maximum achievable control 
technoIogy (MACT) floor for these coatings would be no control. The EPA is 
now requesting public comment on the need for a separate CTG providing 
guidance for the control of these types of coatings. 
The overall objectives of the convergent spray project are to develop 
and demonstrate a convergent spraying process capable of applying a variety 
of high-solid coatings. Specific objectives are: 
To  develop a solventless, zero-content volatile organic compound 
(VOC) Convergent Spray Technology (CST) to meet proposed EPA 
r e g u l a t i o n s  
To increase the transfer efficiencies of high-solids coating 
formulations, and 
To  increase the application thickness per pass while maintaining 
the surface properties and coating characteristics. 
To  address waste minimization through unique processing. 
Th i s  project focuses on developing a state-of-the-art  high-solids 
formulation and its associated application processes for thermal protection 
materials, insulative and structural restoration coatings. Work to date -has 
centered on improving process characteristics while reducing costs and 
associated hazards. 
Sys tem Design f o r  E n v i r o n m e n t a l  R e g u l a t i o n s  
In order to address environmental issues such as VOC reduction and or 
elimination, waste minimization a convergent system was designed to meet the 
chaIIenges of  the 1990's for specialty coating applications. The system is  
designed as a spray on demand application system. Batch processing and 
associated wastes with pots and material transfer lines has been significantly 
eliminated along with the associated costs of material wasted due to short 
sudden equipment failures . Completion of convergent sprays is followed by a 
purging of the end effector resin mix system with some 200-300 mi of 
environmentally acceptable solvent after spray application. Resin and solid 
filler transfer lines are not purged because there is no mixed materials in 
lines. This reduces process waste to a same minimum, whether application to 
large or  small parts or  configuration. 
The ergonomic design of the system also allows for efficient use and 
experimentation. Simple change out of resin materials, fillers with changes in 
material flows can lead to new coating development and optimizing 
p e r f o r m a n c e .  
On demand design also allows for more complex application techniques 
which reduce manual o r  hand close-out of  more complex hardware 
c o n f i g u r a t i o n s .  
Basic Convergent System 
The Convergent Spray process is  a means by which mixed resins are 
sprayed and entrained with solid filler materials outside the spray end effector 
to form a coherent coating material, 
The resin system comprises two fluid transfer systems which supply the 
end effector with the resin polymer components separately maintaining 
proportional flow. 
Two vibratory loss-in-weight units pneumatically feed a steady,  
measured stream of glass spheres and cork granules to a cyclonic mixer which 
then feeds the end effector (although solid, the eccospheres and cork flow 
much like a fluid). 
The convergent spray end effector design consists a spray head in 
which the epoxy components are mixed and atomized, and a larger shroud, in 
which the glassJcork mixture is injected into an atomized resin air stream. The 
sol ids  carrying a i r  s tream entrains in to  the atomizing resin spray 
(Convergence), and the resin/cork/glass sphere mixture is deposited to the 
s u b s t r a t e .  
Mixing of resins does not occur until the very end of process at the 
resin mixing system at the specially designed end effector. 
The resulting spray coatings produces high viscosity coating that can 
be  applied to vertical surfaces without slumping. 
C o n v e r g e n t  Appl ica t ions  
T h e r m a l  Protect ion f o r  SRB 
A two-part room temperature or heat cure epoxy system, was selected as 
the resin side system material because it is a familiar adhesive used in the solid 
rocket booster (SRB) thermal protection system, and has excellent mechanical 
property characteristics. Granular cork and glass microspheres were selected 
as the dry system materials. 
Tests of coatings comprising epoxy clear resin, granular cork, and glass 
eccospheres showed the best mix is 75 to 80 percent resin and 20 to 25 percent 
cork and glass eccospheres which results in densities ranging from 30 to 35 
lbs/f t3 and flatwise tensile strength generally from 150-250 pounds per square 
inch. Additional catalyst was shown to be to be an efficient way to speed the 
cure of the epoxy resin with no adverse effects. 
In 1993, a production prototype was fabricated and installed in Marshall 
Space Flight Center's Productivity Enhancement Laboratory (building 4708) 
for detailed assessment and evaluation of a USBI TR&D developed thermal 
protection coating (TPS). 
Equipment was specified and procured and facilities modified to 
accommodate  the prototype. Programmable logic control ler  and host  
communications programs were developed to control the prototype. Finally, a 
spray test program was executed to produce test panels and demonstrate the 
end effector. As a result, in January 9 4  Marshall Convergent Coating (MCC-1) 
was selected for final development and qualification for use as a Thermal 
Protection System on the Solid Rocket Booster (SRB). 
In 1993, USBI Materials and Processes designed, fabricated, and tested a 
more efficient convergent spray end effector. Improvements in the wet resin 
spray system were designed and implemented. This new design was tested with 
great success in USBI's labs and later at MSFC's labs. Coating variation and 
surface finish were greatly improved. The coatings also performed well in 
aerodynamic heating tests in the MSFC Improved Hot Gas Facility. Coatings 
were also applied to small test articles like cable tunnels used on SRB. 
It has also been demonstrated that the coatings will adhere to complex 
geometries such as  stringers, risers, and bolt heads protruding from a 
s t r u c t u r e .  
Other lower recession formulations are being developed such as a 
unique polysiloxane/epoxy and epoxy/phenolic formulations which will 
potentially reduce recession and increase insulation characteristics. 
Finally, the EPA toxic characteristic leaching procedure indicates heavy 
metal concentrations are well below acceptable limits, thus allowing disposal 
of cured material in a city landfill as non-regulated waste. 
O t h e r  Po ten t i a l  High P e r f o r m a n c e  Coa t ings  
With the advent of increased processability and selection of a wide 
variety of polymer resin systems such as epoxies, urethanes, acrylics, and 
polyesters potentially new high solids coatings for use as structural ,  
architectural and protective coatings can now be pursued. The capability of 
convergent spray to use a high degree of inexpensive filler loading can 
reduce cost of coating materials. 
Unsaturated polyester resins can be convergently combined with 
traditional aggregate materials to be used as a low cost polymer concrete for 
resurfacing of highways and o r  support structures. Polyesters offer  long 
endurance, skid resistance and short cure times. 
Highly flame retardant epoxy based phosphate intumescent coatings 
have been developed for use in convergent spray systems. Flame retardants 
were added to achieve an Underwriters Laboratory (UL) rating of V-0. 
C o n v e r g e n t  C o n t r o l  S y s t e m s  Deve lopment  
Development of the convergent spray system for Thermal Protection 
involved a wet side (resin) and a dry side (granular cork). The feed and control 
integrity of each side of the materials system is crucial to ensure an accurate 
spray and mixing of the applied coating. 
The On-Demand design of Convergent Spray puts more emphasis on 
process control in for materials coatings design. It also gives us  the 
understanding and knowledge of really knowing what's occuring in different 
area's of the process. It allows the user to take a step back, look at the big 
picture and divide the process out into modules. In this way the control system 
can be designed from the top down and implemented and tested from the 
bottom up allowing us to meet the operational requirements from total quality 
management.(TQM) 
Object oriented control systems and program logic control software 
(PLC) systems are being used on convergent spray systems. These control 
systems integrate data acquisition, supervisory control and management 
information functions and creates a single graphic window into the whole 
process. In addition these systems perform alarming, trending and event 
detection. (See Figure 2) 
A portable cart system is in design to address application of structural 
and architectural coatings. This system is being designed for field application 
of less critical coatings without the major cost involved with software control 
and PLC design. 
S u m m a r y  
A demonstration of a new convergent spray process that eliminates 
volatile, environmentally hazardous solvents has now been demonstrated and 
has been selected as a the next process to be used on the solid rocket booster 
(SRB) for application of Thermal Protection Coatings. 
Figure 1: Schematic of solventless spray system. (3122-37) 
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Figure 2 : Software Window Graphic Display 
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Abstract 
In an attempt to comply with the changing environmental regulations, a process was developed 
for the replacement of perchloroethylene in the dewaxing of the Space Shuttle Main Engine (SSME) Main 
Combustion Chamber (MCC) and other associated hardware filled with the Rigidax@ casting compound. 
Rigidax0 is a hard blue-dyed, calcium carbonate filled thermoplastic casting compound (melting point 
77" C) that is melted and poured into hardware cavities to prevent contamination during material removal 
processes, i.e. machining, grinding, drilling, and deburring. Additionally, it serves as a maskant for 
designated areas during electroforming processes. 
Laboratory testing was conducted to evaluate seven alternate fluids for the replacement of 
perchloroethylene in the dewaxing process. Based upon successful laboratory results, a mineral oil was 
selected for testing on actual hardware. The final process developed involves simultaneous immersion and 
flushing of the MCC channels using a distinct eight stage  process.'^ nonvolatile hydrocarbon analysis of 
a solvent flush sample is performed to determine the hardware cleanliness for comparison to the previous 
perchloroethylene dewaxing process. 
Introduction 
The Space Shuttle Main Engine (SSME) Main Combustion Chamber (MCC) is a cylindrical, 
regeneratively cooled, structural chamber consisting of a coolant liner, a high strength structural jacket, 
coolant inlet and outlet manifolds, and a throat shell (see Figure la). The MCC contains the burning 
propellants with chamber cooling provided by hydrogen flowing through the coolant channels in the liner. 
The liner is spin forged Narloy Z which is machined to the same contour as the inner diameter of 
the structural jacket. The outer surface of the liner (Figure lb) has 390 milled axial coolant channels 
measuring approximately 24" linearly (from the aft to the forward end) with varying rectangular cross 
sectional dimensions ranging from 0.035" x 0.093" at the throat to 0.060" x 0.247" at the aft end of the 
liner. After the milling operation the channels are deburred, inspected and then readied for application of 
a wax maskant. The wax used is Rigidax@, a calcium carbonate filled thermoplastic compound with a 
melting point of 77OC. This particular compound is used because it is dimensionally stable when 
processed through the plating solutions. 
Molten wax is poured into each of the 390 channels while the liner is continuously rotated 
horizontally. After cooling to room temperature, the liner is wet sanded by hand to expose the Narloy Z on 
the lands between the channels; and maintain a 32 surface finish. The required amount of copper (Cu) 
layer is then electrodeposited onto the liner to closeout the channels and to serve as a hydrogen 
embrittlement barrier followed by electrodeposition of the required amount of nickel layer. The 
electrodeposited nickel (EDNi) is then machined to the desired dimensional requirements. The dewaxing 
operation to remove the Rigidax@ in the channels is performed following this step. 
wC4iDliVG ?AGE, BMf$# MOT FKHLD 
Previously, the dewaxing operation was performed by a combination of vapor degreasing and 
channel flushing with perchloroethylene following the process flow as shown in Figure 2. The chamber 
was then filled with perchloroethylene and allowed to soak for thirty minutes while suspended in the 
vapor zone of the degreaser after which the solvent was collected for verification analysis. The collected 
sample was evaporated and the residue analyzed for wax content using infrared spectrophotometry (IR). 
The cleanliness requirement is less than O.5Omg wax/200ml effluent. Following a drying step, an acetic 
acid and deionized water flush was performed to remove any residual calcium carbonate that may have 
been present after dewaxing. A final dqdng was performed, followed by borescope inspection viewing to 
inspect for any blocked channels. 
Rocketdyne initiated an environmental task to eliminate the use of perchloroethylene for this 
operation due to the listing of perchloroethylene as a suspected carcinogen in California's list of air toxics, 
its regulation by rule AB2588 (Comprehensive Community Notification) and Proposition 65, and the 
inability to meet the stringent Occupational Safety & Health Administration (OSHA) allowable exposure 
limits (AEL) of 25 ppm. The focus of the replacement task was to develop a process that would be 
environmentally compliant, compatible with the hardware substrate materials, and yield cleanliness levels 
comparable to those achieved with the perchloroethylene process. To minimize the cost and time 
associated with extensive hardware trials, laboratory screening tests were performed to select the most 
feasible candidates followed by process scale-up. 
Procedure 
Identification Of Candidate Cleaners 
Initial efforts focused on a literature review, an industry survey of Rigidax@ users, supplier 
surveys, and recommendations by the in-house Environmental and Health & Safety departments. A list of 
candidate cleaners was compiled and the cleaners were reviewed for physical and chemical properties, 
cleaning effectiveness, material compatibility and integration into the existing manufacturing processes. 
Seven alternate fluids, as listed in Table 1, were evaluated during the laboratory test phase. 
- - -  
- -  -  
Laboratory wax removal tests were performed using a 3" i3" cut away segment of a &rap MCC. 
The test segments were pre-cleaned by vapor degreasing with perchloroethylene, weighed, filled with 
Rigidax@ and reweighed. A 450-550ml sample of the test fluid was placed into a 600ml Pyrex beaker. 
The fluid was heated using a hot plate stirrer to the desired test temperature range as indicated in Figure 
4. The Rigidax@ filled segment was suspended in the test fluid which was agitated using a Teflon coated 
magnetic stir bar. The segment was periodically removed and visually inspected for wax removal. The 
time required to open the channels and remove the wax was recorded. When the MCC segment was 
visually clean, it was cooled to ambient temperature and reweighed to verify wax removal. If residual test 
fluid remained on the test segment, it was rinsed in hot deionized water at 60°C for one hour. The MCC 
test segment .-was - then reweighed to determine any weight gain or loss. The same procedure was used for 
all of the fluids evaluated except as noted. 
In the case of the hot oils @XE and Turco 6802), an aqueous cleaning step was added prior to 
the deionized water rinse. The hot oil test required an additional alkaline cleaning step to remove the oil 
after dewaxing while the other fluids were tested as stand alone dewaxing fluids. Only rinsing was 
required with the Axarel and Brulin, and only evaporative drying was required with the KNI-2000 solvent 
and the ker&ne. 
Laboratorv Test - Material Comoatibility 
General corrosion testing was performed with the Turco 6802 oil and Dupont Axarel 56 to 
determine the compatibility of these fluids with the hardware alloys. Five specimens each of nine metals 
were evaIuated. The test paneIs included: 
Nickel Alloy 7 18 
Nickel Alloy 625 
Iron Nickel Alloy 903 
EDNi 
2 1-6-9 Stainless steel 
A-286 Stainless steel 
HastelloyB W 
Copper 
Narloy Z 
Each panel was cleaned with Scotch-brite and deionized @I) water to a water break-free surface, dried 
and weighed. One specimen of each alloy was set aside as a control. From each alloy set one panel was 
immersed in Axarel 56 at 49-54OC, one in Axarel 56 at 79-85OC, one in the Turco oil 6802 at 79-85OC 
and one in the Turco oil at 99-121°C for twenty minutes. The panels were allowed to stand in the cooling 
fluid for 24 hours. Upon removal from the fluids, the panels were lightly flushed with DI water; followed 
by a four minute immersion rinse in DI water. The panels were oven dried for one hour at 91-96°C. The 
panels were reweighed upon cooling and then evaluated visually and by use of a 30-100X microscope for 
any noticeable corrosion. 
Pilot - Scale Tests 
A pilot plant was assembled to allow testing of a full-size MCC. The final configuration of the 
pilot plant consisted of the following: 
A 4ft x 4ft x 4ft stainless steel tank containing the Turco 6802. The tank was equipped with a 
centrifugal filtration unit to filter out the calcium salt from the oil, and a 100 micron size rated cartridge 
filter to prevent particulate matter from entering the MCC channels. 
A 4ft x 4A x 4ft stainless steel tank containing the 75/25 Axarel 56lwater. The tank was 
equipped with a 100 micron size rated cartridge filter, two l5KW Chromalox external heating elements 
with safety interlocks to protect against any overheating. Agitation manifolds were added to ensure 
effective emulsification of the AxareVwater mixture. The agitation manifold consisted of four nozzles in 
each corner at the bottom of the tank. 
Two 4A x 4ft x 4ft polypropylene tanks, one containing the Turco Vitroklene alkaline cleaner 
and the second containing acetic acid. Both tanks were equipped with 30 micron size rated cartridge 
filters. 
One 4ft x 4ft x 4ft polypropylene lined tank for intermediate water flushing and 
One stainless steel tank measuring approximately 4A x 4ft x 4ft utilized for final rinsing with 
deionized water which was equipped with a 20 micron size cartridge filter. 
Each tank was equipped with a 5hp magnetically coupled pump except the acetic acid tank which 
was equipped with a 1 112hp pump used at variable flow rates of 30-50gpm. Each pump was equipped 
with a safety interlock to shut down the pump if a loss of prime condition should occur. This ensures that 
the pumps do not run dry. Each tank was equipped with two 15KW immersion heaters except the Axarel 
as noted. 
Testing in the pilot facility was conducted using a full-size scrap MCC (Figure 1). The MCC was 
first precleaned by vapor degreasing with perchloroethylene and then filled with Rigidax@. Prior to wax 
application the MCC was heated to 177OC. Melted wax was then poured at 149OC into the channels from 
the forward end and allowed to gravity flow to the aft end. Once filled, the chamber was allowed to cool to 
room temperature. Dewaxing was initiated by first placing the MCC in an oven heated to 135-163OC for 2 
f 0.5 hours to remove the bulk wax as per the normal dewaxing process. The remaining wax was then 
removed using the experimental hot oil dewaxing flow process as shown in Figure 3. 
Each cleaning stage involved an initial soak period by immersing the MCC in the fluid and 
filling the internal cavities after which the fluid was flushed through the channels (from the afl end up to 
allow observation of the effluent fluid). Gaseous nitrogen ( G N ~ )  w& simultaneously injected into the fluid 
stream to enhance a scrubbing action in loosening and dissolving wax from the channel walls. GN2 was 
used with dl the flusEng operations except the acid flush. Process optimization including times, 
temperature, - - fllu'&iTow rates and GN2 flow - rate aspwen as upgrading of the ----- 1/2 to 314 hp pumps to 5 hp 
pumps were pitformed as testing progressed. Veification for the eTectiveness of wax removal, was 
pe6ormed using TCA (1,1,1, trichloroethane). The MCC was filled <th TCA and allowed to soak for 30 
~GnutE at66"C. The TCA was c%flected and the wax content determined by IR spectrophotometry after 
solvent evaporation. 
Production - Scale Testing 
- 
-- -- 
- -  - 
 
Prduction scale testing was conducted primarily using the scrap MCC and the dewaxing flow 
process (Figure 3) with implementation of the optimized parameters. Several tests were conducted to 
evaluate the repeatability of the process. Process specification approval from the customer was obtained 
and facility modifications were completed to permit use of the process on production hardware. Production 
hardware continues to be dewaxed using the hot oil process. 
Results & Discussion 
L&oratorv - Rieidax -- . Removal 
Laboratory test results are presented as the amount of time, at a particular fluid temperature, 
required to remove the wax from the channels of the test segment (Figure 4). NVR evaluation was not 
necessary since the test segment channels were visually inspectable for any blockages or residual film on 
the channel walls. The results from the initial laboratory experimentation using the DXE oil showed that 
the testfluid was capable of dewaxing the MCC test segments b d  upon the selected time and 
temperature parameters. Following the completion of seven successful laboratory tests, a primary process 
set up consisting of the DXE hot oil dewax, alkaline clean, acid flush, DI water rinse, dry, and a TCA 
verification was proposed for trial at the pilot scale testing. 
Pilot & Production . .. Scale Rigidax Removal 
Test results at the pilot & production scale levels are presented as wax content of the TCA 
solvent sample obtained from the MCC subsequent to the cleaning cycle. The results are classified as 
pilot-scale and production-scale. The pilot-scale refers to the original plant with minimal processing 
capability and the production-scale refers to the upgraded facility with the more robust processing 
capability. NVR hydrocarbon analysis was used since the channels are not visually accessible. Results 
from both the pilot and production scale tests are graphically represented on Figure 5. 
In the pilot-scale testing, it was determined that the primary process was inadequate in the 
dewaxing of the MCC. Additionally, the DXE oil vapor was offensive to the employees. Furthermore, 
each process step lasted 8 hours, requiring one week to completely dewax an MCC. This process also 
lacked intermediate water flushing, resulting in severe contamination of the process tanks (from excessive 
carry-over) and subsequent incomplete cleaning. Test A (Figure 5). was performed using 
perchloroethylene. Test B, in Figure 5 is the average of five tests performed with the DXE process. 
A complete reevaluation of the dewaxing process which included evaluating test fluids other 
than the DXE oil was performed (Figure 4). Turco 6802 oil was selected at the conclusion of the 
laboratory testing. Turco 6802 contains a surfactant and with its improved rinsability exhibited a higher 
potential for effective dewaxing. Both the Axarel 32 and 56 showed effective dewaxing potential but the 
low flash points (93-99°C) diminished their viability as substitutes. The KNI-2000 solvent, kerosene and 
Brulin Exp. 492- 1 were ineffective and no further tests were conducted with these fluids. 
Use of the Turco 6802 oil to replace the DXE in the preliminary process set eliminated the odor 
encountered with the DXE but the parts still failed to meet the NVR requirement. The results showed the 
oil effectively dewaxed the MCC but the alkaline cleaner (Turco 3878) could not effectively remove the 
residual oiYwax mixture from the liner walls. Vitroklene cleaner was substituted for the Turco 3878 due 
to its higher operating temperature but did not enhance the cleaning effectiveness either. It was critical 
that all processing fluids in the dewaxing process were operated above the melting point of the Rigidax@ 
to avoid any form of re-solidification of the wax. 
The inability to meet the NVR requirement resulted in evaluating the use of GN2 during the 
flushing process and an Axarel 56 closed loop soak and flush step at the end of the hot oil flush. The 
GN2 was intended to enhance the scrubbing action during flushing and the Axarel56, being a mixture of 
aliphatic hydrocarbons, aliphatic esters, and a nonionic surfactant, would effectively remove the residual 
oiYwax mixture and followed by an alkaline clean (Vitroklene). This combination; T m  6802 oil 
Axarel 56 * Alkaline clean(Vitroklene) I, Acetic acid @ DI water rinse @ TCA verification, finally 
yielded passing NVR results (Figure 5, test C) and thus provided the basis for a permanent replacement 
for perchloroethylene dewaxing process. 
Due to the low flash point of the Axarel 56, follow - up laboratory tests were designed to test the 
Axarel in an emulsion concentration at various temperatures in an attempt to eliminate the hazard. The 
tested emulsion ratios were effective in dewaxing the MCC test segments and the fluids would not flash 
when tested. Testing following the addition of the Axarel in the dewaxing process improved the potential 
for yielding passing cleanliness results (Figure 5) thus proving the process production ready. Pilot tests D, 
E and G were also conducted with test C combination but did not pass the cleanliness requirement test due 
to parameter changes. In tests D and E, the operating temperature of the Axarel was lowered and in test 
G, a shortened processing time for the overall process was used. Tests F and H were conducted with 
combination C parameter and both yielded passing results. Production scale tests that followed (Tests 1 
through 5, Figure 5) were conducted on a continuous basis (using the same parameters as test C but with 
the 75/25 AxareUwater emulsion) to collect data and determine the repeatability of the process. Results 
show consistency in meeting the cleanliness requirement and so have the production hardware processed 
to date. 
The following events occur during the dewaxing process. The hot oil first dissolves the wax while 
the calcium carbonate filler material drops out of solution. The Axarel, in turn, dissolves the residual 
oiYwax film left on the channel walls and an aqueous alkaline cleaner then removes the Axarel. The acid 
flush eliminates any residual calcium carbonate salts that may be left in the channels. A final DI water 
flush is performed to remove any cleaning solution residues. 
Material Com~atibility 
All the tested alloys exhibited compatibility with the tested fluids. There were no evidence of 
surface corrosion or intergranular attack (IGA) when the coupons were examined visually or using a 30X 
to IOOX microscope. 
Conclusion 
It can be concluded from the extensive testing performed thus far that: 
The hot oil dewaxing process is a technically acceptable 
process for production implementation and is a viable replacement for 
perchloroethylene dewaxing. 
The Axarel emulsion eliminated flash point concerns. 
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Abstract 
The Aircraft Production Division at San Antonio Air Logistics Center has conducted extensive 
investigation into the replacement of hazardous chemicals in aircraft component cleaning, degreasing, 
and depainting. One of the most viable solutions is process substitution utilizing abrasive techniques. 
SA-ALC has incorporated the use of Bicarbonate of Soda Blasting as one such substitution. 
Previous utilization of methylene chloride based chemical strippers and carbon removal agents 
has been replaced by a walk-in blast booth in which we remove carbon from engine nozzles and various 
gas turbine engine parts, depaint cowlings, and perform various other functions on a variety of parts. 
Prior to implementation of this new process, vaIidation of the process was performed, and 
materials and waste stream characterization studies were conducted. These characterization studies 
examined the effects of the blasting process on the integrity of the thin-skinned aluminum substrates, the 
effects of the process on both air emissions and effluent disposal, and the effects on the personnel exposed 
to the process. 
Paper Content 
San Antonio Air Logistics Center is responsible for the maintenance of the C-5 fleet. This 
maintenance involves among other things, corrosion control which includes depainting. In the past, we 
have always relied on the use of methylene chloride based chemical strippers for both aircraft and 
components. This method generated great quantities of waste which had to be drummed and disposed of 
as hazardous waste. The effluent itself was sent down the industrial waste lines to dedicated phenolic 
basins in our industrial waste treatment plant. 
We began exploring various alternatives to chemical strippers in 1986. Many substitute 
processes emerged and two seemed viable for our rtquirements. Plastic Media Blasting (PMB) developed 
as an alternate method for depainting aircraft. We have since incorporated PMB in our aircraft 
depainting facility. The second alternative to chemicals which we considered viable was a similar 
abrasive process, bicarbonate of soda paint stripping. Having met various requirements for a paint 
removal process, we subjected the process to a series of vigorous tests. Proving successful through all the 
initial testing, we initiated a formal testing program to optimize the bicarbonate of soda blasting process 
parameters and characterize the effects of the blast stream on the substrate materials cornmanly used as 
aircraft skins. A separate test program was initiated to detennine the enviroqplcntal effects of the process 
on the worker, our existing industrial waste treatment system, and the ambient air quality. 
The optimization and material characterization effort was contracted to Battelle out of Columbus, 
Ohio. The objective of the program was to determine if this particular process could meet or exceed Air 
Force criteria for productivity versus possible blast-imparted substrate damage. The process was tested in 
a fourteen foot wide by fourteen foot high by thirty-four foot long walk in blast booth installed in an 
existing chemical stripping mom. The booth itself is basically a modified water wash paint booth. The 
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booth has a cross draft ventilation pulling the exhaust air through a water curtain and into the exhaust 
chamber, where it passes through a series of sheet baffles prior to exiting the stack. Used media and 
material removed from aircraft parts fall through a grated floor into a sloped trough filled with water. A 
series of pipes traverse the trough, each with 10 nozzles directed to maximize the agitation and mixing 
effect of the used media and water. The water is pumped through the agitation pipes and the exhaust 
chamber and recirculated throughout the system. A gravity drain weir accommodates the effluent 
discharge. The effluent travels through a wire mesh trash screen, over the weir, and finally out through a 
five micron sock filter. From there, the emuent mixes with the chemical waste from our component 
cleaning room and enters a sump outside the facility. A motorized trash screen and a rotary drum remove 
solids from the liquid. The liquid is then pumped through a force main to the industrial waste treatment 
plant. The blasting system utilizes a twenty cubic foot, two noale bhst pot and is loaded via a two 
thousand pound super sack loading system. 
In order to conduct the materials characterization testing, an optimum set of operating 
parameters had to be Gblished. To accomplish theoptimization we utilized an x-y positioning system to 
control the traverse rate, angle of impingement, and stand off distance. Additional parameters which 
were varied in a matrix format were: nozzle pressure, water pressure, and media flow rate. Almen arc 
height data was established for each combination of blasting parameters. The material used for 
optimization testing was 0.032 inch 2024 T3 Bare Aluminum. The optimum set of operating parameters 
evaluated and subsequently used in conditioning of all specimens in the materials characterization portion 
are: 
Blast Medium: h e x  Maintenance Grade XL 
Stand off Distance: 18 inches 
Impingement Angle: 30 degrees 
Nozzle - Pressure: - -  60 psi 
Water Pressure: 150$ 
Traverse Rate: 0.8 inch/second 
Media Flow Rate: 3.0 lblmin 
The combination of these optimized parameters yielded a paintremoval rate of 0.29 s4min and 
5.11 +/- 0.61 mils of almen arc height deflection. Conditioning of the specimens was conducted in 
preparation for tests to assess the effects of the blasting process on clad erosion, surface roughness, 
residual stress, fatigue crack growth rate, and fatigue life (notched). 'Ibe materials characterization tests 
were performed on 0.032 inch specimens of 2024 T3 and 7075 T6 bare and clad aluminum. 
-- - 
- -- 
Cladding erosion evaluations - - - - --- were - made by a determination - of cladding - loss by weight per blast 
cycle. Six cycles of blasting on unpainted clad surfaces yielded a high rate of clad erosion for both alloys. 
The erosion percentage da.aw~calcu1ated on the basis of a nominal cladding thickness of five (5) 
- - - -. 
percent per side of . the . total - - - sheet thickness. Sina  the densities of the alloy and thecladdG w ~ ~ n e a r l y  
the same, weight loss was correlated to volumetric loss by assuming the G i d ~ l  thickness was 5 percent 
of the 0.032 inch - sheet thickness. Three sample sets of each material we= subjected to the blasting 
-- -- -- - 
process and measured for weight loss after each blast cycle. 'Ibe mean percent claaing &6r 2024 I3 
clad material ranged from 1.54 % for one cycle to 4.03 % for 6 cycles and the 1- on the 7075 T6 clad 
material loss ranged from 1.44 % for one cycle to 3.48 % for 6 cycles. 
. 
Surface roughness measurements were made on unpin-& Almen specimens of both alloys, bare 
and clad. These specimens - -- were grouped by alloy type and each of 6 specimens per set were blasted from 
one to six cycles to determine cumulative c h a n g t s k s c e  roughness. As expeCttd, thebare surfaces 
after one blast cycle were much smoother than the clad surfaces. Subsequent blast cycles increased the 
roughness on the bare alloys, while the clad alloys tended to becorn smoother. 
Residual stress was measured by two different means. The saturation response of the substrate to 
the bicarbonate of soda blasting process by the system used in the study was determined as the delta almen 
arc height as a function of elapsed blast time for unpainted 2024 T3 and 7075 T6 bare specimens. The 
delta almen an: height is not a direct measure of blast induced cold work strains, but a change in the 
bending moment of the unrestrained specimen produced by the residual stresses associated with the cold 
work process. The overall response for 2024 'I3 b r e  was higher than the 7075 T6 bare response by a 
factor of 2 or more. However the point at which saturation occurs is about the same for both materials. 
Residual stress was also measured by XRay diffraction testing on 5 specimens each of 2024 13 
and 7075 T6 bare almen strips sheared from painted panels, measured for baseline, and constrained by 
epoxy to a 114 inch steel backing plate. They were then conditioned by one blast cycle of paint stripping, 
plus three additional blast cycles at the same rate to simulate a total of four blast cycles. Each of two sets 
of specimens included two A l m n  specimens which were unrestrained at the time of baseline strain 
measurements. All strain measurements were made after the wnditioning was conducted with the Almen 
specimens in the constrained state. Both alloys exhibited an increase in surface compressive stress 
decreasing to a depth of 0.003 inch. Beyond the 0.003 inch depth, the distributions remained fairly 
constant. The 311 peak width distributions for both alloys indicated a surface maximum which may be a 
result of a more cold worked surface and near surface material. 
Fatigue specimens were initially sheared from as received panels and from painted panels after 
bicarbonate of soda stripping. The individual specimens were then machined to final dimensions. A 60 
degree angular notch was pressed 7 thousandths of an inch deep in the center of the specimen over 114 
inch length. The notch was used to simulate surface flaws on the substrate @oth front and back). l%e 
fatigue specimens were then tested following guidelines of ASTM E466 (with the exception of the notch). 
All specimens were cycled under load control with a sinusoidal waveform at 10 hertz. Tests were constant 
amplitude with a +0.1 stress ratio. The nominal maximum stress for the 0.032 inch material was 33 hi. 
Results indicated no appreciable change in fatigue characteristics and in fact the front notched specimens 
showed an improvement in fatigue life. 
Fatigue crack growth rate specimens were 2024 113 bare aluminum material sheared from as 
received panels and from painted panels after bicarbonate of soda blasting. n e s e  specimens were 
machine finished to final dimensions. An 118 inch hole was drilled through the center of the specimen 
and an initial 0.040 inch starter notch was machined by electrical discharge machining using a 6 mil 
traveling wire cut. l%e test followed guidelines of ASTM E647 and cycled under load control with a 
sinusoidal waveform at 10 hertz. Test loads were constant.amplitude with a +0.1 stress ratio and a 
maximum load of 1120 pounds. The nominal maximum stress for the 0.032 inch material was 8,750 psi. 
Crack growth measurements were made with cast epoxy Krak gages and showed no appreciable change in 
crack growth characteristics. 
The second portion of the testing performed at SA-ALC was to verify that the bicarbonate of soda 
blasting process conformed with the Pollution Prevention Act of 1990. The Act emphasizes that the 
preferred method of preventing pollution is to reduce, at the source, the volume of generated wastes and 
that reuse should be performed whenever possible. Air Force Directive 19-4 went a little farther by 
making a commitment to "... prevent at the source, to the greatest extent possible, environmentally 
harmful discharges to the air, land, surface water, and ground water." 
This portion of the testing was contracted to Pacific Environmental Services in Mason, Ohio. 
They were tasked to evaluate effluent samples, air emissions for total particulates and metals, analyze 
stack gases and determine worker exposure effects. 
During the testing phase, a variety of aircraft parts were used and tasks wen performed. Tasking 
involved depainting parts cleaning, and a combination of paint stripping and parts cleaning. One 
operator was used in the booth for the purposes of the report. 
Average stack gas velocity for the sampling runs was 52 feet per second with an average 
temperature of 60 degrees F. The average flow rate was 30,831 dry standard cubic feet per minute. The 
stack gas averaged a particulate mass emission rate of 1.855 Ibbr. Particle size analysis of the air 
emissions showed that more than 98% of the particulate mass emitted was comprised of particles smaller 
than 10 microns. Tbe absence of large particles suggests that the larger particles settled out or were 
captured in the water curtain. Analysis of the metals present ---- in the - - emissions were also conducted during 
the runs. Sodium accounted for 99+% of the total mass of all metals detected. Other metals detected 
included: iron (0.0033 lb/hr), zinc (0.0020 lb/hr), total chromium (0.00093 Ib/hr), and cadmium (0.00080 
Ibh). 
Workspace air samples wen collected and analyzed for alkaline dusts, nuisance dusts, and 
multiple metals. Dust samples were collected between the blast stream and the exhaust chamber, to 
simulate worst case of one operator working directly downstream of the other. Workspace air sampling 
resulted in measurable quantities of total nuisance dusts, alkaline dusts, and elemental sodium, and 
detectable quantities of calcium, zinc, aluminum, and chromium. 
Measud concentrations of total dust were in excess of OSHA's Permissible Exposure Limit of 
- -- 
15 mglcubic meter. The American Conference of Governmental Hygienists have a Threshold Limit Value 
of 10 mg/ cubic meter for exposure to total particulate - matter. -- - The concentrations of detectable metals did 
not exceed a n y - n v  or PEL standards. With these concentrations in mind, worker exposure limits are 
negligible. As a co&rison, air-supplied hoods can be used in nuisance dust concentrations up to 375 
mglcubic meter. The half faced respirator with a protection factor of 10 can be used in an environment up 
to 150 mglcubic meter. 
- - 
Analysis of the effluent included samples of the rinse water, sump suspension, filtered solids, and 
filtered effluent. The Total Suspended Solids ('Es) in the sump suspension was 4,850 mgfl. This is 
0.00485 kgofsolids - per liter. Tbe liquid - -= emuent f r o m t h G G  has a pH of about 8.9 and is high in 
both alkalinity and total dissolved solids, indicating that the effluent contains primarily dissolved 
NaHC03: Results indicated that the NaHC03 concentration in the effluent was no higher than 15 g/l, 
well below its solubility limit of 96 g,A. The eMuent contained, on the average, 50 mgfl suspended solids 
and bad a low content of metals and other contaminants. 
The solid material collected in the filter sock had a high oil and grease content as well as a high 
metals content. The concentrations of antimony, cadmium, chromium, lead, and zinc were sufficiently 
highthatthe waster would be cla . Less than 1% of the solids in the sock was spent 
b1asCpteGaT.- 
- 
To summarize the results of the effects of the bicarbonate of soda stripping process as an 
alternative paint removal process, utilizing the process parameters developed by this program; it exhibits 
minimal blast imparted substrate damage. The major exception being that this process tended to erode 
cladding on the aluminum at higher than preferred rates. The production shipping rate associated with 
the test panels was only 0 3  sflmin however, in normal production coating removal, rates in excess of 1 
sf/min are common. Bicarbonate of -- soda - is - a viable alternative for paint stripping as well as a great 
carbon remover, degreaser, and overat1 cleaningagent. 
We currently utilize the pmxss to remove arbon from FlOO engine nozzles and gas turbine 
engine deswirlers, depainting of fiberglass and fiberglass/aluminum panels as off the T-38 aircraft or 
TF39 engine, and depainting of fighter aircraft accessories, all resulting in considerable savings in time 
and materials. The bicarbonate of soda blasting process has successfully demonstrated that it cleans 
surfaces in preparation for welding operation significantly better that previous nitric acid processes and 
has proven to be very effective on cleaning and depainting aircraft wheels, struts, reverne thrusters, and 
brakes. l%e process has performed very well for us and, depending upon the application, could work very 
well as an alternative to chemicals in any industrial operation. 
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ABSTRACT 
USBI and NASA have been testing and investigating the use of high pressure water for coating 
removal for approximately the past 12 years at the Automated TPS(Therma1 Protection System - ablative 
materials used for thermal protection during ascent and descent of the solid rocket boosters) Removal 
Facility located in the Productivity Enhancement Complex at Marshall Space Flight Center. Originally the 
task was to develop and automate the removal process and transfer the technology to a production facility 
at Kennedy Space Center. Since that time more and more applications and support roles for the waterjet 
technology have been realized. The facility has become a vital part of development activities ongoing at 
MSFC. It supports the development of environmentally compliant insulations, sealants, and coatings. It also 
supports bonding programs, test motors, and pressure vessels. The most recent role of the cell is supporting 
Thiokol Corporation's solid rocket motor program in the development of watejet degreming and paint 
stripping methods. Currently vapor degreasing methods use 500,000 Ibs. of ozone depleting chemicals per 
year. This paper describes the major cell equipment, test methods practiced, and coatings that have been 
removed. 
Introduction 
The use of high pressure water as a means of coatings removal was used in the late 70's to 
refurbish the Solid Rocket Boosters (SRB) used in the space shuttle program. After recovery of the SRB's 
following a shuttle launch the TPS is removed from the booster components and prepared for future flights. 
Until this process was automated, it was a manual operation where personnel wearing protective suits and 
using high pressure waterjet wands would spend countless hours stripping the TPS. The results were 
acceptable but it was a very tiresome, tedious, and personally hazardous task. 
USBI and NASA jointly developed a system to automate and optimize the TPS removal ptocess 
using robotics. This system removed personnel from the hazardous environment and reduced the SRB 
processing time due to the precision stripping the automated TPS removal system is capable of delivering. 
Through emperical testing, the optimum waterjet stripping parameters for each 'IPS material were 
determined. All the testing and developmental work was done at MSFC in the Productivity Enhancement 
Complex and then the technology was transferred to Kennedy Space Center in Florida where it is currently 
used in the production facility. 
Equipment 
Robot - A Cincinnatti Milacron Wrn Industrial hydraulic six axes pedestal mounted robot. Five axes are 
-
actuator driven and one is cylinder driven, al l  axes are controlled by m o  valves. The n d  hydraulic 
operating pressure is 2250 psi. The robot is mounted on a lift table that provides an extra 4 foot of travel 
on the Z axis. All axes are fed with with a low positive ah pressure to prevent watet intrusion into the 
actuator units and control boxes. The robot is capable of a 200 pound payload, this is necessary with the 
back thrust created by the high pressure water at high flow rates. 
Computer - All system equipment interfaces with a Digital Equipment Corporation 11173+. An Industrial 
Processor allows for discrete m, D/A and A/D interfaces. The turntable and robot interface through RS-232 
communications. 
Pumps - The cell contains three pumping systems. The first system is a Hammelrnann HDP650. As its 
model number implies it has a driving output capability of 650 horse power. The HDP650 has five 30 mm 
cylinders and can operate up to 2100 rpm's. The pump can deliver pressures up to 20,000 psi at a flow rate 
of 32 gallons per minute. The second system is a Hammelmann HDP334. The HDP334 has three 25 mm 
cylinders and with a 450 horse power output capability can deliver 36,000 psi at a flow rate of 12 gallons 
per minute. The third pumping system is a Flow Systems Model 11X intensifier. It is capable of delivering 
ultra high pressures up to 55,000 psi at flow rates up to 1.25 gaIIons per minute. The How Systems 
Waternife pump is used strictly for cutting processes and not coatings removal. The Watemife is capable 
of cutting all types of metals and composites without thermal distortion or delamination. 
~ r ~ u e k v m v e  - An Allen Bradley 1352 &quency drive% used to drive the 500 horsepower motors that 
drive the Hammelmann pumps from zero up to their maximum outputs of 20ksi or 36ksi. Only one pumping 
system can be operated at a time depending on which is selected at the frequency drive console. 
- - 
- 
- - -  
Diversion valves- Thne AumfavZmeen'ni ekctricalfy contrc~ekh~draulic o p e d  valves are used 
to divert the high pressure water to theTesZed stripping nozzle. Up to thee nozzles can be run at once but 
normal operation is done with either one single stream nozzle or a rotary nozzle. The third valve is normally 
used as a dump valve to divert the water during system setup or dump the pressure if an emergency 
situation should arise. The diversion vdves are only used with the Ulksi pumping system. 
diameter and is equipped with outrigger attachments and supporting 
hardware that allows it to accomodate each SRB component. This includes the nose cap, frustrum, forward 
skirt, and aft skirt. The table is capable of speeds up to six revolutions per minute. The table platen floats 
on air bearings which are capable of handling heavy loads. The entire table is also mounted on air bearings 
which allows the table to be easily positioned anywhere in the spray cell. It is also equipped with jacks, 
wheels, and a tow bar so it can be completely removed from the spray cell or used for transparting 
hardware short distances. 
- 
Nozzles - A variety of different styles and types of nozzles have been tested. Thg most efficient and 
-
effective nozzIes were found to be the single stream stripping nozzles developed by USBI and rotating 
nozzles developed by Hammelmann Corp. and Flow International Corp. The single stream Full Tapered 
SSpping(FTS) nozzles Ge developed &Iy in the program afteiit was found fiat off the shelf nozzles 
exhibited wear after several hours of operation at pressures up to 20,000 psi. The FTS nozzles were 
designed and patented by Messrs. Steve Cosby, a senior USBI Prccess Engineer; and Robert M. Rice, a 
senior Robotics Engineer - (currently - -- - - working - with Pratt & - Whitney Waterjet Systems). The FTS nozzles are 
easily installia3/4"Autoclave ~ i % G f i t G ~  and will also readilyadapt toa mixing cham-ber that was 
designed along with the FTS nozzles that allows abrasives such as crushed walnut shells and p&& media 
to G ~&ted%G-the high pressure water s r r m  to improve stripping rates. The mixing chamber is 
designed such that the abrasive is pulled in due to the venturi effect created by the water passing through 
the chamber. 
The - Harnmelmann -- - twin jet rotating nozzle is the most effective at pressures up to 20,000 psi. The 
twin jet nozzle is capable of speeds up to 1200 rpm. The two orifices are configured so that the back force 
of the water itself causes the nozzle rotation - the higher the pressure and flow through the nozzle, the faster 
the nozzle rotation. The twin jet nozzle also has an adjustable braking system that gives the user a limited 
control over the speed of the nozzle. The braking system uses an internal magnet, the more the magnet is 
engaged, the slower the rotational speed. 
Hammelmann also designed two rotating nozzles that are used with the 36,000 psi pumping system. 
One will accomodate four orifices that are positioned at radii of 32.5mm. 37.5mm. 42.5mm, and 47.5mm. 
The other nozzle will accomodate fourteen orifices and they are located 2.5mm apart starting at a radius 
of 15mm and ending at a radius 47.5mm. The two nozzles are interchangeable with the same hydraulic drive 
unit. The drive system is capable of rotating the nozzles up to 2300 rpm. The orifices are also 
interchangeable and are sized to achieve the desired flow rate. The orifices mount at a 90 degree angle to 
the face of the nozzle. 
Test Methodology 
There are a number of hydro stripping parameters that play a role in coating removal rates. These 
parameters include water pressure, flow rate, stand off distance, stripping velocity, attack angle, sweep angle 
of attack, and with the rotary nozzles include orifice size and placement as well as the nozzle rotational 
speed. It was found that by controlling these parameters a piece of hardware could be stripped to selected 
levels. The insulation could be removed leaving the topcoat of paint undamaged, the paint could be removed 
leaving the primer intact, and finally the primer could be removed leaving the bare substrate. 
Most of the tests are conducted on flat 24" x 24" test panels with the coating to be tested applied 
at the nominal thickness. The test panels can be mounted on support structures that are mounted on the 
turntable. The robot end effector is configured with the nozzle to be tested and the robot is "taught" the 
motions needed to conduct the desired testing. Normally a "rough and dirty" test is done to determine what 
range of the variable parameters will be tested. Once test runs have been made with the range of test 
parameters, each test pass or panel is assessed and the level, width, and rate of coating removal are 
determined. Test results are used to determine the optimum coating removal parameters. 
The major focus of testing is identifying the orifice diameter that maximizes the available energy, 
i.e., the nozzle that removes the coating most effectively with the available pressures and flows. 
After the installation of the Harnmelmann 36ksi pumping system and the multiple orifice nozzles 
were tested it was found that the orifice size and placement on the nozzle were very critical in order to 
achieve an even energy distribution throughout the stripping width of the nozzle. Random orifice selection 
normally yielded visible energy bands on the substrate where there was obviously concentrated levels of 
pressure and flow. To improve the energy distribution, theoretical flow rateslorifice distance traveled, based 
on the orifice location on the nozzle(radius) were determined. The orifices were sized so that there is an 
equal flow of water per orifice distance traveled regardless of the orifice location on the nozzle. In other 
words, if the orifice located at a radius of 15mm flowed one gpm/revolution of the nozzle which equates 
to: 
@r = 15mm 
then the orifice located at a radius of 30mm would be sized so that its flow would be equal to 
.0106 gprnlmm traveled by the orifice. 
Example: 
This approach was used to determine orifice size regardless of how many orifices were used, 
whether it be four or fourteen. Along with equalizing the flow per distance the orifice traveled, the nozzle 
rotational speed and the stripping velocity were very dependent on each other and were critical stripping 
parameters to determine. With the help of a user friendly computer simulation program developed by Mr. 
David Hoppe (NASA Engineer) the optimum rotational velocity and robot stripping velocity could be 
determined to achieve the most efficient coverage of the stripping width. The computer program allowed 
the desired orifices, the rotational speed, and the stripping velocity to be entered and a graphic display is 
generated showing the coverage. The program also provides a quantitative analysis of the coverage by 
counting the number of pixels on the computer monitor not hit by the orifices selected. It was also found 
that the direction of travel across the test panel whether it be left to right or vice versa also played a role 
in the coverage and removii rates. 
Coatings Removed 
Over the years a number of insulations, adhesives, paints, and coatings have been stripped at the 
MSFC Automated TPS Removal Facility. The following matrix list most of those along with a brief 
description of the coating, approximate stripping rates, and the nozzles used. Most of the coatings were 
applied to aluminum substrates, either 2219-T87, 6061, or 7075 Alclad. The rubber insulations and 
propellants have been removed from MAC steel and NBR has been removed from a filament wound case - 
shallow stripping angles were used to prevent delamination of the case from occuring. The high pressure 
water does have the capability to damage any surface if steps are not taken to ensure the waterjet does not 
dwell in the same spot too long. 
& TRANSLUCENT 
for motor case inspection 
HEMLOK 205/233 
These represent removal rates that were achieved with the 36ksi pumping system using either the 
Harnmelmann or Mow International nozzles. All other rate were accomplished with the 20ksi system. 
Current Investigations 
Testing is being done with multiple orifice rotating nozzles to improve stripping rates. mce size, 
design, and location on the nozzle are parameters that are being investigated. Several orifice designs by 
Hammmelmann have gone through some limited testing. The first is a sapphire orifice, which has the same 
design as orifices used with the waterjet cuttting system, but require a sealing lens when installed in the 
nozzle. The sapphire nozzles have an efficiency rating of 63%. Other orifices tested are stainless steel and 
much more easily installed and aligned in the nozzle(no sealing lens). The stainless steel nozzles have an 
efficiency rating of 92%. The higher efficiency orifices keep the water stream collimated longer allowing 
larger stand off distances and improved stripping rates. Collimation is critical for nozzle efficiency, therefore 
other nozzles with collimated channels feeding the orifices are being investigated. The more laminar the 
flow when it reaches the orifice, the longer the waterjet stream will stay collimated. Efficient nozzles are 
the key to coating removal and will continue to be a focus of the Automated TPS Removal Facility. 
Ultra-Hgh Pressure Water Jetting for 
Coating Removal and Surface Preparation 
Spencer T. Johnson 
Jet Edge Inc. 
825 Rhode Island Ave 
Minneapolis MN, 55426 
ABSTRACT 
This paper shall examine the basics of water technology with particular attention paid to sy'~tems 
currently in use and some select new applications. By providing an o v e ~ e w  of commercially available 
water jet systems in the context of recent case histories , potential users may evaluate the process for future 
applications. 
With the on going introduction of regulations prohibitmg the use of chemical paint strippers, 
manual scrapping and dry abrasive media blasting, the need for an environmentally compliant coating 
removal process has been mandated. Water jet cleaning has been a traditional part of m ~ y  industrial 
processed for year, although it has only been in the last few years that reliable pumping equipment capable 
of ultra-high pressure operation have become available. 
With the advent of water jet pumping equipment capable of sustaining pressures in excess of 
36,000 psi. there has been shift away fiom lower pressure, high water volume systems. One of the major 
factors in driving industry to seek higher pressures is the ability to offer higher productivity rates while 
lowering the quantity of water used and subsequently reprocessed. Among benefits of the trend toward 
higher pressure 1 lower volume systems is the correspondmg reduction in water jet reaction forces malang 
hand held water jetting practical and safe. 
Other unique applications. made possible by these new generation pumping systems include the use 
of alternative fluids includtng liquid ammonia for specialized and hazardous material removal applications. 
A review of the equipment used and the required modifications will be presented along with the conclusions 
reached reached during this test program. 
EQUIPMENT BACKGROUND AND HISTORY: 
Water jethng is a technology that can trace it's roots to the Gold Rush era of the early 190(Ys. and 
placer mining. In the quest to uncover alluvial deposits of gold, miners found that by redirecbng small 
creeks through a rudimentary piping system a concentrated stream of water could be utilized to speed 
erosion, exposing greater quantities of material. These early miners soon adapted the water pumps designed 
to keep under ground mines dry to the task of accelerating that water to lugher and therefore more 
productive velocities 
Many of the pump designs in use today were onginally developed to meet the dkands  of deep 
rock drilling, petroleum extraction and rehung. Even today the US Bureau of Mines has an active water jet 
research program looking to increase safety while replacing conventional d n h g  and crushing technology. 
In the petroleum industry the quest to maximize oil production spurred the development of 
pumping systems able to hydraulically hcture the well casing and m u n d m g  rock to force more oil out of 
low producing fields. The most important otlEshoot of this "&ckingn process was the development of the 
intensifier style pump.(Fig. 1) The intensifier pump is capable of generating enormous pressures with a 
minimum of moving parts and with sgdicant safety fatures. 
Intensifier Pump 
Fig. 1 
This design concept was routinely avadable by the late 1%0's for use in static pressure generation 
systems and the aforementioned well hclang. Industrial contractors using lower pressure crankshaft driven 
water pumps had recognized the increased cleaning potential offered by higher pressures and seized on the 
intensifier design as a likely candidate for their applications. Taking into account available materials. high 
pressure hose technology and desired reaction forces, 35,000 psi. and 6 gpm. flowrates were determined to 
be a practical set ofparameters to design for in the early 1970's. As it has turned out these parameters have 
remained very nearly unchanged for 15 years in which time the equipment has become very reliable. A 
typical current generation pump delivers water jet outputs of 36,000 psi at 7.2 gpm. Early systems counted 
operating time in hours whiIe today's pumps routinely deliver months of running time between scheduled 
maintenance. 
It should be noted that the two largest domestic manufacturers of 36,M)Ot psi water jet cleaning 
and coating removal equipment have extensive experience in the design and manufacture of 60,000 psi. 
intensifier pumps. While those pressures are currently only being used in a few very specialized coating 
removal applications the technology is already well developed should the need arise. 
In practice the intensifier pump consists of a piston drivlng a plunger. The piston has a large 
surface area and is driven by low pressure (3000 psi.) hydraulic fluid. (Fig. 2) Coupled to it, is a plunger 
with a much smaller surface area that acts against the water contained in a heavy walled cylinder. The piston 
/ plunger surface area ratio is typically either 12: 1 and 20: 1 , yielding output pressures of 36,000 to 60,000 
psi., respectively. By attachmg a plunger to either side of the hydraulically driven piston and installing 
simple check valves a continuos pressure output pump is achieved. 
I C h d  nungat Piston Assembly I I 
inlot 
Water 
Intensifier Schematic 
Fig. 2 
It therefore becomes a simple matter to regulate water output, flow and pressure by modulating 
the hydra& fluid pressure. The variable displacement, pressure compensated hydraulic pump are designed 
for the specific task of maintaining a set pressure at varying fluid flow demand levels. This pressure 
compensation ability allows the intensifier pump to operate with Ory shutoff blasting devices and to 
minimize water consumption. 
After the water (or other fluid) is pressurized it is directed to the point of use via stainless steel 
tubing or braided wire reinforced hose. For pressures of 36,000 psi. and above the tubing typically has an 
outside diameter three times that of the inside diameter. When hose is used, a minimum of seven spiral 
wrapped layers of wire are applied around a Delrin or Nylon core in additiorf to an outer abrasion resistant 
jacket. In situations involving long supply line btances or extreme pressure fluctuations, the stainless steel 
tubing is preferred due to lower flow restrictions and resistance to cyclic fatigue. 
Once the hgh pressure fluid has reached the point of use a nozzle or manifold is required to 
generate individual coherent streams of water. These n o d e s  are then attached to the end of the tubing or 
hose using specially designed threaded fittings. At pressure below 20,000 psi holes W e d  into a block of 
stainless steel will suffice for a node .  Due to the higher fluid velocities achieved at pressures above 30,000 
psi. , erosion of the nozzle m a t e d  becomes unacceptable using the drilled hole design. In the majority of 
applications it has been found that a synthetic sapphire jewel works well in withstan* the erosive effects 
of the high velocity fluid stream. These jewels are a d a b l e  in ,001 " diameter increments and are pre- 
mounted in replaceable threaded mounts. (Fig. 3) Since fluid flow rate is directly related to the net area of 
the orifice through which it passes, an extreme level of precision and control can be applied to the sizing and 
layout of multiple orifice water jet nozzles. By varying the size and location of the orifices within a given 
manifold ,material removal patterns and substrate preparation can be tightly controlled. In practice it h a  
been found that by rotating a multiple orifice manifold (Fig. 4) at a controlled rate generates optimum 
coatmg or material removal rates while s~gruticantly reducing the chance of base material damage. 
Pre-mounted Orifice, 3X scale 
Fig. 3 
Muliple Orifice N o d e  
Fig. 4 
Water jetting first found favor in the industrial maintenance sector for the removal of accumulated 
deposits found in boilers and heat exchangers. Other popular applications include storage tank and 
processing equipment cleaning. In each case a rota- nozzle is utilized. For boiler tube cleaning a rigid 
length of stainless steel tubing is threaded at one end to accept a n o d e  tip contairung one or more orifices. 
This "lance" is then attached to a powered rotary joint mounted on a slidmg caniage. The lance and carriage 
are then advanced through the tube to be cleaned and then retracted. This process is repeated until all tubes 
in a boiler or heat exchanger are cleaned. 'Ihe most widely used water jet cleaning method found involves 
the use of hand held "guns" attached to flexible hose. (Fig. 5) A typical hand tool contains an on 1 off valve, 
safety detented bigger and an air or hydraulically powered rotary joint. Depending on the martial to be 
removed and the condition of the substrate any of several nozzle configurations are attached to the end of 
the rotating barrel. Tools designed for use at 36,000 psi. have 2 to 3 times worlang pressure design factor 
r a w  and employ guards and shields for operator safety. 
In the majority of 36,000 psi. hand held operations overall flowrate is limited by orifice selection to 
approximately 3 gpm. To achieve similar water jet energy transfer at lower pressures such a large increase in 
discharge volume is required that reaction forces become unmanageable and unsafe. 
- - -  
- GCX, 36,000 psi rated hand toolr@c Rear Hatch 
Fig. 5 
APPLICATIONS. - 
- 
~ftypical hand held coating removal application is currently in use by a major defense contractor 
refiubishing M 1 13 ieries armored p e r s o n n e T ~ ~ ~ s ( A P C  's). Many of these units are nearly 20 years old 
and have been repainted and modified numerous times. Prior to refurbishment and upgrading the majority 
of existingcoathgs must be removed FkomXe aluminum hulls with ;ninimat base metal damage. In certain 
locations it is also required that the alodine wash primer be removed to Eacilitate welding. 
Due to the cost of media collection and disposal grit blasbng was rejected for such a large project. 
The large number of threaded holes and the inherent difliculty in removing all grit material from the 
confined interior spaces aIso weighefieady in the decision to u& water jets. - 
The water jet process is preceded by initial dtsassembly in which all component parts are removed 
leaving a bare hull which is essentialIy an aluminum box. This hull is then placed on a work stand in in a 
contained area dedicated to the water jet cleaning process. Included in this facility are water collection and 
filtration systems, air filtration, and the high pressure water jet pump and hand tooIs. The pump used is a 
36,000 psi. 4 gpm. wut manufactured by Jet Edge to whichare plumbed two hand held rotary n o d e  tools 
called Gyra-Jets from the same vendor. Each hand tool is equipped with 4 orifice n o d e  with the .O1ll' 
diameter orifices arranged in a staggered pattern. Water flow rate though each tool is Iimited to 2 gpm. 
In use the operator wearing a rain suit and eye and ear protection moves about the vehicIe 
removing paint and other residues fi<mmarked areas.(Fig. 6) The coating system being removed consists of 
an alodine - -  wash --.- primer over which a zinc chromate paint primer ~s applied. The top coat@) consist of a 
~ h e n G i e n t R e T i t a n t  c o a t i n g ( c f i € ~ p & ~ E  many cases there maybe as many as four addition 
layers of top coat material to remove- average the operator is able to remove all paint and primer down 
to the alodine wash at rate of over one square foot per minute. 
Due in part to minimal preparation during the previous repaints the water jet was able to yield even 
higher productivity rates on the more heavily coated surfaces. This is a marked contrast to the grit blasting 
method where coating thickness decreased productivity. 
Water ~ e t h h t  Removal 
Fig. 6 
RTV removal and Bolt hole cleaning 
Fig. 7 
An additional benefit was realized in terms of eliminating maslang of threaded holes. It was found 
that the threaded holes used to mount drive train components could be completely cleaned without damage 
using the Gyra-Jet (Fig. 7) The ability to completely remove the alodine conversion coating, RTV sealants 
along with grease and oil was also proven and has greatly improved the weld quality during subsequent 
operations. 
AS a counterpoint to the previbus conventional application an ~n the instance equipment o e y  
designed for 36,000 psi. water jet cleaning was modified and adapted to use liquid ammonia as the fluid for 
material removal. 
t ed et motors while 
meeting increasingly stiiigerit environrnenk&constraints to the initiation of this project. In the past 
these motors were destroyed by open burning or detonation both of which are incompatible with 
environmental concerns and preclude the recovery and reuse of the raw mat&&. 
- 
-- - - -- 
- 
- - - - - - - - - - - 
.- - -- 
-- -  -- - - - - - - - . - - . - -- --- 
~ l o b a l  ~nviro&nental Solutions a division of ~ e r & e s  ~ i r o s ~ a c e  and ~ & t  Engineering are 
planning a solid rocket motor decommissioning pilot plant system for ~ercule? ~ a ~ n a U t a h  facility. ?his 
system is based on tescworkre%en@ cTmpletecFZi t5e B a c c b  =t Tocation. 
- - 
 
- - -  - 
.- .  
. - 
The - test -- system -utilizes a s&ghtly modified Jet ~ d g e  36,0db=psi Gat$ jet pump and a lughly 
moddied Gyra-Jet Hand tool. Due to the extensive use of stainless steel in ultra-lugh pressure water jet 
equipment fewmodjfications other than a change in o'ring material in the high pressure seals was needed 
within the pumpunit. 1tGisdiscovered that the liquid ammonia required ad&tional cooling to avoid boding 
within the pump and therefore a primitive alcohol and dry ice heat exchanger was installed on the inlet side 
of the pump. 
- 
- - - -  
In - order to -hcilitatethe - - -- - - use of the rotating jet tool o n g ~ ~ U y  designedfor handdkld use in a remote 
. --- -- 
control settingagreat -- -.-- --..- n&& =- of ----- modificati~ns were r n ~ d e ? o i h e ~ ~ ~ ~ c - ! & g e s  - 
--- kdiided the relocation 
of the water on / off valve and the integration of the r o t a t i ~ n a ~ v e  w i 5 a r & i e  controrstation.(Fii. 8-9) 
- -- - --- 
The pumpused featured a 40 Hp. moG=~ing both the int 
operate thero&uynoz.de. - - - 
A series of test were conducted on both MLRS and Chaparral (GCU- I) propellant with variations 
made in nozzle configuration and ammonia pressure. Hazard evaluation tests were conducted under 
conditions worse than expected --- - in production and no ignition - - - - threshold - - . levels . -- were - .. - observed. .- l'he 
optimum configuration was found 6 bea 36,000 psi working pressure and a .8 gpm fluidflow rate. It was 
determined that propellant removal - -- rates of 234 Ib / hr using 36,000 psi. were possible with all propehts 
tested. The test method involved pumping pressurized m o n i a  though a rotating multiple orifice nozzle 
that was then advanced into the test sample.(Fig. 10) 
Modified Gyra-Jet Installed in Test Stand Rotating Nozzle Fixtured in Base Plate 
Fig. 8 Fig.9 
In comparative testing ,conventional mdhg it was found that to ensure safe operabon that the 
rd.mg process would have to be slowed down greatly when operating near the motor case Based on 
preliminary experience capita1 equipment cost appear similar for either method This therefore gives an 
advantage to the ammonia jet method in terms of overall productivity and in motors having iugh case to 
propellant area ratios. 
~ r n & i a - ~ e t  Test Fad ty  
Fig 10 
- 
- 
-- 
CONCLUSION. 
- 
- - 
- 
- - -- - 
. - 
- - -- 
As has been described the use of water under pressure as a cleaning+od is hardy a new 
concept In reality what the last ten to fifteen years have done -is - provide the time needed - - - -  for the technology 
to catch up withthe concept By the 6anufacturers focusing on reliability and incremental product design 
improvement the hardware - of ultra-hgh pressure water jetting has reached a point where the pumping and 
dehvery equipment - is not -- the limiting factor in a particular appl&ation. M o s t ~ - s e r s ~ d 3 d  users 
would agree &at the -equipment -- available today is well qualified to operatewell - -- --- into - - the next century 
ndiser toexpiore innovative ni&desi@ - - andaEeGtive fluids 
- - - - - - 
-- h - he - case of the APC's --- mentioned --- the maToritf of 
evaluation adconfiguration time was dedicated to selecting a nozzle design that generated the best paint 
removal pattern wue sirndtaneously allowing for selective layer by layer coating removal fiom a soft 
substrate Those involved in the rocket motor d e d  project were similarly able to focus development effort 
on the handling of the ammonia and the disposal of the waste material rather designing a pumping system. 
That the technology to go to much h@er pressures with the same basic pump design already 
exists ,the room for growth is virtually unlimited by the availability of hardware. 
It can be anticipated that we have entered a new phase of high pressure fluid jet cleaning and 
coating removal development where the majority of time and effort is dedicated to perfecting existing 
concepts and applying - that experience to the multitude of environmental cleanup challenges the future 
holds 
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ALTERNATIVE CLEANING TECHNOLOGY SYSTEMS 

Aqueous Cleaning Design Presentation 
Presentation By: Peter F. Maltby, Vice President of Operations, 
Forward Technology Industries, Inc., Minneapolis, MN 
The phase-out of CFCs and other ozone depleting chemicals has prompted 
industries to re-evaluate their present methods of cleaning. It has become 
necessary to find effective substitutes for their processes as well as to meet the 
new cleaning challenges of improved levels of cleanliness and to satisfy 
concerns about environmental impact of any alternative selected. 
One of the most popular alternatives being selected is aqueous cleaning. This 
method offers an alternative for removal of flux, greaseloil, buffing compound, 
particulates and other soils while minimizing environmental impact. 
What I will show are methods that can be employed in an aqueous cleaning 
system that will make it environmentally friendly, relatively simple to maintain 
and capable of yielding an even higher quality of cleanliness than previously 
obtained. I will also explore several drying techniques available for these 
systems and other alternatives along with recent improvements made in this 
technology. 
When considering any type of cleaning system, a number of variables should be 
determined before selecting the basic configuration. Some of these variables 
are: 
Soil or contaminants being removed from your parts. 
The level of cleanliness required. 
The environmental considerations of your area. 
Maintenance requirements. 
Operating costs. 
Throughput requirements. 
Dryness requirements. 
Space and cost constraints. 
SOIL, CONTAMINANTS, m D  CLEANLINESS 
When considering the basic configuration, the type of soils /contaminants and 
the level of removal must be factored into the equipment's basic design. Some 
of the key factors are: 
The types of surfactants used are determined by the types of soils, the amount 
of contaminant, material of the parts and the cleanliness requirement. 
The types of soils help determine the amount of and type of filtration 
required. For example, ifoils are the %or contaminants, some type of oil 
removal system should be considered - in-the . wash &tion. The amount of oil 
and parts cleanliness requirements will help determine the type of oil 
removal system. A simple decanter separator will remove large amounts of 
oil, but the level -_ of removal _ _ _ is less than a - more - -  -- expensive - - - - -. membrane system. 
---- - 
However I if the - cleanliness - requirements are very high, a membrane syste16- 
may be the most effective approach. Of course, thereare oih& degrees $of- 
oil removal, such as coalescing filter systems. Coalescing filters will meet 
requirements i n  the middle of the decanter and membrane systems. 
If, however, the contaminants are mainly particles, only a simple recirculating 
filter system would be required. The type of filter best suited for the application 
will again be determined by the amount of contaminant and the cleanliness 
requirements. 
The amount of contamination and the cleanliness requirements will also help 
determine the number of wash and rinse stations needed as well as water 
level requirements. Generally, the larger the amount of soil that must be 
removed and the higher the level of cleanliness required, the more wash and 
rinse stations that are needed. Also, as the cleaning requirements increase, 
so must the quality of the water being used. 
Over-specifying - -- any of these levels only increases the amount of equipment 
and cost unnecessarily. 
E N U R O ~ A L  CONCERNS 
When considering the environmental impact of cleaning systems, one should 
look at the process in terms of its ozone depletion potential (ODP), global 
warming effect, energy usage, use of consumable resources, toxicity and safety. 
All of these factors should be carefully evaluated when selecting a cleaning 
process. An aqueous cleaning system has no ozone depletion potential, minimal 
global warming effect, low toxicity, and it is safe. It can be designed for 
reasonable energy usage while minimizing the amount of considerable 
resources (water) that are used. 
The system designed to conserve energy should have as many of the following 
features as possible: 
Recirculated hot air drying, which can reduce energy usage as much as 75 
percent over a nonrecirculating system. 
Minimize compressed air for blow-off and/or drying. 
lmproved surfactants that allow easier rising in cooler water. 
Rinse agents that can speed up drying times. 
lmproved rinsing by using ultrasonics and filtration, thereby reducing overall 
water flow. 
On many metal parts, the use of rust inhibitor minimizes the usage of energy 
and water. 
Filtration and oil removal to extend wash tank life. 
Multiple wash tanks to reduce soils loading on the rinse tanks. 
A heat recovery system on overflow of any water to drain. 
It is important not to over specify requirements and, therefore, create additional 
and unnecessary energy and water usage. Consideration should be given to 
water reduction techniques such as: 
A gross tank to reduce detergent carry-over. 
Ultrasonic agitation to reduce overall process time and rinse water flow rate. 
Closed-loop process that allows ovemow water to be reused. 
Improved fixturing to reduce water drag-out, to improve rinsing and to speed 
drying. 
EASE OF MAINllNANCE AND OPERA 770N 
Another important area is ease of maintenance and operation. Issues to be 
considered should include: 
Convenient access to routine maintenance items such as filters. 
- .. . - 
How are detergents di m? should detergent injectors or 
a metering pump system be added for automated dispensing of detergents? 
Should an automated handling systembe used to process parts? 
Does the system use auto drains and fills versus manual valves? 
Is the de-ionized (Dl) rinse water continuously monitored and is auto makeup 
available? 
- --- - 
What type of plumbing is used (compression fitting versus NPT pipe)? 
L 
Is high flow filtration continuously used? 
Have the cleanliness level and the amount of soil to be removed been 
considered when selecting the filter? 
What other instruments should be considered? Options include pressure 
gauges, temperature controllers, pH monitors, resistivity monitors and 
turbidity monitors. 
THROUGHPUT AND DRlWESS R E Q U I . S  
When selecting a basic design, a major consideration should be the amount of 
parts that are to be processed through the system in a given period of time. This 
will affect: 
The size and configuration of the system. 
Overall equipment and operating costs. 
Type of automation, if required. 
Since drying comprises a significant portion of time in any process, specifying 
only the level required is fairly important. In some cases, you may not require 
drying even though it may have been done in the past. If drying is essential, 
specifying it correctly impacts the type of equipment used and the amount of 
time required. 
SPACE AiVD COST CONSlXALWTS 
Available space and overall cost will impact the type and design of the 
equipment. However, in both cases, using artificially low values may cause the 
equipment design to be negatively impacted to a point that prevents you from 
meeting many of your other objectives in a prudent manner. 
However, if all the previously mentioned factors are carefully balanced against 
your ultimate goal, an aqueous system can be configured to meet your needs. 
BASIC ULlRASONIC AQUEOUS CLEANING SYSTEM 
Now that many of the basic variables have been considered, let's build an 
ultrasonic aqueous cleaning system that would meet many of the fundamental 
needs. First we must look at three basic building blocks of the system: WASH, 
RINSE and DRY. 
As we discuss these system components, remember that the system being 
described will actually yield parts that have a higher level of cleanliness than that 
of a roughly comparable solvent cleaner. Our theoretical system will also 
incorporate many of the features discussed earlier. 
WASH 
The wash station is designed to remove complex soils and particulates 
completely from a wide variety of parts utilizing biodegradable detergents. The 
major features of this station are: ease of use, prolonged bath life, minimal drag- 
out, effective removal of all soils and minimal waste. A typical two-tank 
configuration is shown in Figure 1. 
Figure 1 : Cleaning Tanks. 
- 
3 
a 
Both tanks utilize bottom-mounted ultrasonics to assist in the thorough removal 
= -- -
of all soils.-Tests have shownthalwith proper powe~n t ro l s  most parts can be 
effectively cleaned utilizing ultrasonics. 
The tanks illustrated above also incorporate a high flow recirculation filtration 
system with multiple return ports. Recirculation filtration is important to minimize 
the redepositing of particulate on components and to extend the bath life. With 
proper control of the flow return to minimize turbulence and provide a proper 
sweeping action, flow rates covering 50 percent of the tank volume per minute 
can be utilized with no impact on the ultrasonic activity. 
The first tank of the wash section will frequently have a detergent injection and 
automatic water makeup system to maintain a constant level of water and 
detergent in the bath. The detergent level in the second tank is allowed to 
fluctuate as the detergent is dragged in the first tank. 
Through the use of an oil coalescing system and a surface skimmer, oils can be 
removed easily from the wash tank if an appropriate non-emulsifying detergent is 
used. To prolong the life of the second wash and to provide a higher level of 
cleanliness, a membrane system may also be incorporated. The savings 
realized are a function of water usage plus disposal cost and can range from 
$1 0,000 to $1 00,000 per year. 
The two cleaning tanks must be dumped when either the effectiveness of 
cleaning has dropped below acceptable levels or the concentration of detergent 
in the second tank is too high. This is accomplished by first dumping Tank 1 into 
an evaporator holding tank. The evaporator flashes off the water, leaving a 
small volume of solid waste that must be disposed of. It should be noted that the 
average operating cost of an evaporator is 6 cents to 10 cents per gallon 
evaporated. These figures can be used to determine if such a system is an 
effective method of minimizing your disposal cost per year or if some other 
method should be considered. 
Tank 1 is refilled by dumping Tank 2 into Tank 1. Tank 2 is then refilled with 
clean water or with water from the first rinse station. The use of a two-wash tank 
configuration reduces the frequency of tank solution changes, minimizes the 
detergent carried over into the rinse tank and increases the consistency of 
cleaning achieved with the system. 
RINSE 
The rinse station is designed to thoroughly rinse the detergent and remaining 
particulates from the components utilizing the minimum volume of water 
possible. 
The rinse station has been divided into two parts: Gross detergent removal and 
final rinse. The gross detergent removal tank is designed to remove the majority 
of the detergent utilizing a combination of spray and immersion with a closed- 
loop water supply. The tank consists of a one-sided ultrasonic overflow tank with 
a two-sided spray system above it and a high-flow recirculation pump and filter 
system (Refer to Fiqure 2). 
The oversized overflow trough is utilized as a reservoir for the pump and filter 
system. The filtered water is returned either to the bottom of the rinse tank or to 
the sprays. The system operates as a closed-loop until the maximum 
conductivity limit is reached. The water from the final rinse stage is then fed into 
the tank that overflows into the second wash tank. The entire tank is dumped 
into the second wash tank where the wash tank soluti& are changed. The tank 
design allows the majority of the detergent to be removed with minimal fresh 
water input (Refer to Fiaure 2). 
SOLENOID VALVE 
WATER FROM 
RlNDE TANK #1 
0.2 MICRON 5 MICRON WASH TANK #2 
Figure 2: Gross Rinse Tank. 
-. 
- 
- - 
. . 
The fi onsists of two cascading overflow rinse tanks with 
ultrasonics in both. The rinse tanks have spray rinses above them for final 
rinsing. The first rinse tank is fed from the overflow of the second rinse tank. 
The first tank overflows into a holding reservoir that feeds a pump that pumps 
the water to a surfactant-stripping and water-polishing system for recycling. The 
return from this recycling system feeds the second rinse tank (Refer to Finure 3). 
Fresh water is fed into the reservoir tank. The last rinse should be hot to 
expedite drying. 
Figure 3: Final Rinse. 
The closed-loop design allows the system to operate with very low water 
requirements while providing thorough rinsing before the drying stage. No 
detergent residues can be present if spot-free drying is to be achieved. 
A closed-loop water system used in this manner with a 2 gallmin flow rate and a 
drag-over of approximately 1000 grams of a pH neutral surfactant per day would 
have an approximate operating cost of $4,600 to $6,300 per year. Most 
systems are being designed so that closed-loop rinse water recycling can be 
added at a later date. 
DRYING 
- 
- -- 
- - -  
 herea are many new non-C* drying techniques available, but the most widely 
used is h$h efficiency recirculafing hot air. The high efficiency design utilizes 
large volumes of moderatetemperature recirculating air = to - remove water from a 
wide variety of componentsi The air distribution plenums are usually located on 
opposed sides with a bottom return for even air flow. The air recirculating 
system includes HEPA filters, inlke air heaters and adjustable air discharge and 
makeup ports to control the humidity in the recirculating air. The recirculating 
hot air design is much more energy efficient than conventional blow-off designs 
and more versatile in the variety of components that can be used. 
The limitation of hot air is that it cannot remove water from deep blind holes, 
cupped pans or surface adsorbed water. If components with these 
characteristics are to be dried, a secondary drying process is often required with 
the most widely - - used - - - process --- - - - being vacuum drying. In this process, a warm, 
- 
partially dried component is placed in a heated vacuumpchamber which is 
pumped down to 4 to 10 torr to flash off the residual water. This process is very 
efficient in the removal of small films of water, but it will not successfully remove 
large volumes or puddles of water. ~ i t h  hot a$ followed by vacuum drying, most 
- - 
components can be completely dried spot-free. 
Several other new non-CFC drying techniques are available for use in precision 
. - 
cleaning. If components with large flat surfaces such as glass plates are to be 
dried, capillary drying should be used. Capillary dryingjnvolves the slow 
removal of cornpo-n-ents-from?lot P! water. ThesUrfac~ension of the G t e r  
causes water to be pulled off the surface and the component left dry. If large 
volumes of parts are to be dried utilizing hot air, a tunnel dryer may be 
applicable. A tunnel dryer is a large recirculating hot air dryer that racks on a 
conveyor. 
IPA DRYER 
Alcohol can be used effectively as a drying agent by immersing parts into an 
alcohol bath. The alcohol bath essentially captures residual water. This water- 
capturing process is accomplished by the cracks and crevices inherent in the 
alcohol's molecular structure that function as absorbents. 
The drying techniques described are just some of the new non-CFC precision 
drying techniques available. With correct implementation, any components can 
be dried with a non-CFC drying technique. 
The configuration of an aqueous cleaner can vary widely depending upon the 
wide variety of parts to be cleaned, the level of cleanliness required and the 
throughput requirements. In its simplest form, the system can be a single wash, 
rinse and dry tank in a small console. For more complete cleaning it may take 
multi-stages of each technique as I have described here. One such system that 
has been used extensively by the disk drive industry is shown in Figure 4. 
This design reduces the system footprint by 25 percent without sacrificing the 
effectiveness of the cleaning. The trade-off is that the reduced system will 
require more careful maintenance of the cleaning solution and will increase the 
use of rinse water. 
The other area where compromises in design are often required is in rinse water 
recycling. The operating costs of present systems are sometimes difficult to 
determine. However, a closed-loop system can be a cost-effective alternative. 
Considerable research is being performed in this area to identify cost-effective 
recycling systems as well as cleaning agents that are easier to recycle. 
Figure 4: Typical System. 
This system uses one wash, three rinses and two recirculating hot air dryers 
followed by a vacuum dryer. When automated, this system can deliver a basket 
of parts every 6 minutes to 7 minutes with a single-headed transport system. If 
an additional head is added, the 'throughput goes to 3.5 minutes to 4.5 minutes. 
The following chart shows typical cleaning results obtained with a similar system 
and compares them to parts cleaned in an ultrasonic CFC degreasing system. 
Comparison of Cleaning Data 
CFC Versus Aqueous Cleaning System 
Units Before CFC Aqueous 
Cleaned Cleaned Cleaned 
Ion Chromatography Sulfate uG/INZ 0.50 0.400 0.300 
Ion Chromatography Nitrate uG/lN2 0.20 0.150 0.100 
Ion Chromatography Chloride U G ~  0.80 0.750 0.500 
Ion Chromatography Fluoride uG/IN2 0.60 0.200 0.030 
Non-Volatile Residue (NVR) UG/~N' 0.05 0.040 0.020 
Densitometer (Particulate) ----- 0.03 0.010 0.005 
Dryness Test (Moisture) uG/INZ ----- 0.030 0.030 
Haze Test (Corrosion) ----- ----- ----- Better 
CONCLUSION 
There are a number of features that must be considered when evaluating a 
precision cleaning system, all of which will affect the system's environmental 
impact, ease of operation and degree of cleanliness. But I believe that I have 
shown that there is an environmentally sound and user friendly precision 
aqueous cleaning technology available that will produce parts with a higher level 
of cleanliness than those achieved in a CFC cleaning system. 
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Abstract 
Historically, refurbishment pmcessea for RSRM motor cases and components have employed 
~nvironmentally harmful materials. Specifically, vapor degnasing proasses consume and emit large 
amounts of ozone depleting compounds. This program evaluatca the use of presswid  water cleaning 
systems as a replacement for the vapor &greasing process. Tests have been conducted to doteamhe if 
high pressun water washing, without any form of additive cleaner, is a viable candidate for replacing 
vapor &greasing processes. This paper discusses the findings thus far of Engincaing Test Plan - 1168 
(ETP-1168). "Evaluation of Pressurized Water Clcauing Systems for HPrdwPrs Refurbisbmmt." ' 
Introduction 
Thiokol Corpcnntion is one of the largest users of 1-1-1 Trichlomothane (TCA) in Utah. TCA 
is an EPA targeted Ozons Depleting Compound that is scheduled to be b e d  from production in 1995. 
Thiokol cum~t ly  wea approximately 400,000 pounds of this matwirl per year in its vapor d q p w h g  
operation8 for RSRM hardwpm refurbishment. Themfm, Thiokol and NASAIMSFC pSOMal 
recognized the immediacy of a nacass~ry change in the rafurbishma~t process. A joint Thiokol and 
NASAlMSFC ODC EEmktion tenm was f o r d  to investigate dternative cleaning methods for RSRM 
h9rdw9m. The tenm's appro& for the eliminatim of TCA from all RSRM procesaiaO b divi&d into 
two p h .  Phnse I is scheduled to aliminots 90% of TCA usage by January 1,1996. It ie accomplished 
throughtwomainsteps. T h i s p a p e r ~ t h e P h a s e I S t e p I e ~ r t .  TheWPsaIStepItaskLths 
replecement of the Refurbidmeat Center's vqor  dogmasing system with r bigh piaswus water wash 
system in conjunction with the implementation of greaseleas storage uul sbipmeat of RSRM bprdwrus. 
Thiokol is investigating several approaches to eliminate the use of TCA in the RSRM hardware 
refurbishment process. This paper fixusea on one of these approaches, pressurized water cleaning 
systems. The investigation of p ' i water cleaning system is broken into two phases as outlined in 
ETP - 1168. 
Phase One of the test plan was established as a feasibility phase and completed in July of 1993. 
Phase One testing &mo%&iiid thot all non-bond& COT- such as grease, proof test oiI, and 
magnetic particle inspection residue could be removed at operating presfllns not exceeding 15,000 psi. 
This portion of the testing was so promising -that a q i c k  study of paint removal at 15,000 psi was 
incorporated into Phase One testing. Although the' - kt ing proved that paint could be removed at these 
p r e . ,  it removed the paint t& slowly - - -  to fit - into - Thiokol's - scheduling requirements. Phase one 
testing was co~leted on 8; x -  10" wiGesS-Gels. F d e r ,  prelimkry erosion testing was 
accomplished on 2' x 2" steel or aluminum coupons. On the basis of this early testing, more indepth 
investigations of bonded contaminates were undertaken in Phase Two testing. 
Phase Two of --- the -A- testing - investigates =- - --- &-critical - parameters of the high presnue water wash 
svstem. the ekision caGd bv t h e ~ ~ ~ ~ w a t e r  o i - l G m a ~  steel and aluminum sub&. the 
fk ib i i tv  of cleaninn full kd~~-~&iiiiz~iiid & bond lines that are affected bv the ch& in
" 
To -e&li&&ese &, ha& II efforts= divided into seven tables ihvestigating five 
contaminates on 2 different substrates. The contaminates are grease, proof test oil, magnetic particie 
testing residue, epoxy paint/primer, epoxy basdrrdh&ives and insulator residue. The two substrates are 
D6AC steel and 7075&-um. Of the seven tables, the first three have been completed. A description 
of the tables follows. 
The first tPbIe is a design of e x p e h t s  devised to determine the critical process parameters of 
the high pressure wash system. - The parameters investigated were pressure, flow, n o d e  rotational 
speed, nozzle Kgb ,TOde  -- - - standoff, - and . The contamina& and substrates 
c h m  - --- for this testing we6  - - grease -- -- on steel - and - du&um, - -- &xy -- paint/primw on steel, and EM13 
-  - 
adhesive on pluminurn. The d - f o r  the E i i u i G  level of dean1ine.s and erosion. Thus. the 
criticpi paxarneG Gelded by this test were those that hod the most impact on level of cleanliness and the 
amount bf erosion.. TIe r&lts are shown in Table 1 below. 
Tabk 1 
Engineering Test Plan - 1148 
S t a M a  Evduation 
No I Yea I Yea I Yea I 
- 
.- - .-- ---- -- -- ----- A . - - - - a .- - - - -- 
1t should be noted that significant effect in this crrse represents statistical significance. When the erosion 
rates of the pp&&SGid warn cleaning are uir&iSlG the cumnt grit balst process, the d o n  due to 
pmmkd GiG ckaing is is order of magnitude lower than the current grit blast process. 
The second table of the test plan establishes &mum nmva l  retee for dl 
con tambk/substrate combinations that am present on RSRM hardware. It sets the critical puunstars 
from the first table to their optimum settings and incffases/decreasca the sweep rate across the part until 8 
100% clean surface is achieved. The maximum removal rates established are given in Table 2. 
Table 2 
Engimdng Test Plan - 1168 
Established ~a&num Removal Rates 
Contaminate Substrate Maximum Removal 
Rate, sqinlminlnozde 
EA9 13NA D6AC Steel 205 
Chemloka 2051236A D6AC Steel 378 
ChemlokO 205/2201Tycement@ D6AC Steel 228 
Rust-Oleurn@ Paint/Primer I D6ACSteel I 343 
Conoco HD-2 Grease I D6ACSteel I 723 
Shell Dida Oil 1 D6AC Steel I 1250 
Magnetic Particle Riase Solution I D6AC Steel I 1250 
EA913NA 1 7075 Aluminum I 185 
EA946 7075 Aluminum 449 
A l d i e ,  Bostic Finch Paint/PrimM 7075 Aluminum 228 
Conoco HD-2 Grease 7075 Aluminum 723 
The third table addresses the feasibility of cleaning full scale components. To this point in the 
test plan all testing has focused on 8" x 10' witness panels and 2" x 2" erosion coupons. To easun that 
similar removal characteristics could be obtained on full scale RSRM hardware, six components wero 
tested that represeat all w n ~ s u b s t r a t e  combinations. The six components are RSRM Throat 
Housing, Nose Met Housing, Cowl Housing, Fixed Housing, Forward Dome and F o r d  End Ring. 
In all cpsee the maximum removal rates established in table two were met or exceeded on the full scale 
hardware. 
Tables four through seven investigate the bondline umsitivity of RSRM case and nozzle 
components when the refurbishment process is changed from vapor &greasing to high pr#imue water 
washing. These tables process one set of witness panels and surfece lnnlysis coupons through the cumat 
process in parallel with another oet processed through tha proposed proce8e. Each step of each procsas is 
included in the test plan. For thie testing the bond shragth is the measwe. Aftex completion, the bond 
strengths Pssociated with each process will be compared to see if them is any ignificaut diff-ce 
between the two piocesses. Further, the bond streagthe will be compared to historical RSRM data. This 
testing wil l  be conducted over the next thrw months. 
Conclusions 
-- Testing to date indicates - - - - that  pressurized -- water cleaning systems are a viable -- alternative to vapor 
&greasing operati&. Thiokol has demonstrated that more than just grease removal canbe obtained 
with the high pressure water systems. In fact, a high pressurized water wash system would most likely 
.- - -- 
n~T&-~itified xthe  only c o n b t e  being G k v e d  was grease. However,thepressurized water wash 
systems are extremely versatile and can be adapted to replace many technologies. In this RSRM 
application the high pressure water wash system will replace vapor degreasing, some manual grit 
blasting, some manual glass bead, and some manual low pressure (10,000 to 15000 psi) water blasting 
ope6tions.Further,-Thiok~~aTble Gxadmnef iG& the fonn of a more consistent process 
yielding higher quality components, removal of operators from injury prone environments, less 
possibzty of z m = g % ~ ~ ~  hardware, and greatly reduced procG%mg times. 
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Abstract- 
A presentation describing the theory of ultrasonics, cavitation and implosion. The importance and 
application of ultrasonics in precision cleaning. Explanations of ultrasonic cleaning equipment options and 
their application. Process parameters for ultrasonic cleaning. Proper operation of ultrasonic cleaning 
equipment to achieve maximum results. 
Introduction - 
Solvent degreasing using chlorinated and fluorinated hydrocarbon solvents, a process used for 
cleaning by the finishing industry since its very inception, is on its way out, a victim of increased regula- 
tion, the Montreal Protocol and the "Green" movement in general. It is understandable why this method 
achieved its prominent position in metal fininshing - - it is reasonably effective at cleaning and was for- 
merly the most expedient and least expensive cleaning means available. The equipment required is simple 
and inexpensive, and until recently the chemistry was considered environmentally safe. 
Industry is currently in a struggle to replace solvent degreasing with alternative "environmentally 
friendly" means of cleaning. Although substitute water-based, semi-aqueous and petroleum based cherrlis- 
tries are available, they are often somewhat less effective as cleaners than the solvents and may not perform 
adequately in some applications unless a mechanical energy boost is added to assure the required levels of 
cleanliness. Ultrasonic energy is now used extensively in critical cleaning applications to both speed and 
enhance the cleaning effect of the alternative chemistries. This paper is intended to familiarize the reader 
with the basic theory of ultrasonics and how ultrasonic energy can be most effectively applied to enhance a 
variety of cleaning processes. 
Ultrasonics is the science of sound waves above the limits of human audibility. The frequency of a 
sound wave determines its tone or pitch. Low frequencies produce low or bass tones. High frequencies 
produce high or treble tones. Ultrasound is a sound with a pitch so high that it can not be heard by the 
human ear. Frequencies above 18 Kilohertz are usually considered to be ultrasonic. The frequencies used 
for ultrasonic cleaning range from 20,000 cycles per second or kilohertz (KHz) to over 100,000 KHz. ?he 
most commonly used frequencies for industrial cleaning are those between 20 KHz and 50KHz. Frequen- 
cies above 5OKHz are more commonly used in small tabletop ultrasonic cleaners such as those found in 
jewelry stores and dental offices. 
In order to understand the mechanics of ultrasonics, it is necessary to first have a basic unde-stand- 
ing of sound waves, how they are generated and how they travel through a conducting medium. 
Sound Wave Generation - 
A sound wave is produced when a solitary or repeating 
displacement is generated in a sound conducting medium, 
such as by a "shock" event or "oscillatory" movement. The 
displacement of air by the cone of a radio speaker is a good 
example of "oscillatory" sound waves generated by mechani- 
cal movement. As the speaker cone moves back and forth, the 
air in front of the cone is alternately compressed and rarefied 
to produce sound waves, which travel through the air until 
they are finally dissipated. We are probably most familiar 
with sound waves generated by alternating mechanical 
motion. There are also sound waves which are created by a "Shock" Events 
single "shock" event. An example is thunder which is gener- 
ated as air instantaneously changes volume as a result of an 
electrical discharge (lightning). Another example of a shock 
event might be the sound created as a wooden board falls with 
its face against a cement floor. Shock events are sources of a 
single compression wave which radiates from the source. 
The Nature of Sound Waves - 
PRESSURE 
The diagram above uses the coils of a spring similar to a Slinky@ toy to represent individual molecules of a 
sound conducting medium. The molecules in the medium are influenced by adjacent molecules in much the same 
way that --- the - coils of the spring influence one another. - The source of the sound in the model is at the left. The com- 
pression generated by the sound source as it moves propagates down the length of the spring as each adjacent coil of 
the spring push& against its neighbor. It - is important to note that, although the wave travels from one end of the 
spring to theither, the individual coils remain in their same relative positions, being disphcedfirst bnii way and 
then the other as the sound wave - passes. - --- As a result, each coil is first part of a compression as it is pushed toward 
- -- --- - -- 
- -. 
the next coiland then part of a rarefaction as it recedes from the idjacii$~oi~ infiiucli the iame way,-any point b a 
sound conducting medium is alternately subjected to compression and then rarefaction. At a point in the area of a 
compression, the pressure in the medium is positive. At a point in the area of a rarefaction, the pressure in the 
medium is negative. 
Cavitation - 
In elastic media such as air and most solids, there is a continuous transition as a sound wave is trans- 
mitted. In nonelastic media such as water and most liquids. there is continuous transition as long as the 
amplitude or "loudness" of the sound is relatively low. As amplitude is increased, however, the magnitude 
of the negative pressure in the areas of rarefaction eventually becomes sufficient to cause the liquid to . 
. 
fracture because of the negative pressure, causing a phenomenon known as cavitation. 
Cavitation "bubbles" are created at 
sites of rarefaction as the liquid 
Rarefaction fractures or tears because of the 
negative pressure of the sound wave in 
the liquid. 
As the wave fronts pass, the cavitation 
"bubbles" oscillate under the influ- 
ence of positive pressure, eventually 
growing to an unstable size. 
Finally, the violent collapse of the 
cavitation "bubbles" results in 
e c o m p r e ~ ~ i o n  implosions, which cause shock waves 
to be radiated from the sites of the 
collapse. 
Pressure Sound Source 
The collapse and implosion of myriad cavitation "bubbles" throughout an ultrasonically activated 
liquid result in the effect commonly associated with ultrasonics. It has been calculated that temperatures in 
excess of 10,00O0F and pressures in excess of 10,000 PSI are generated at the implosion sites of cavitation 
bubbles. 
Benefits of Ultrason~cs In the Clea-rocessta - . . i 
Cleaning in most instances requires that a contaminant be dissolved (as in the case of a soluble soil), 
displaced (as in the case of a non-soluble soil) or both dissolved and displaced (as in the case of insoluble 
particles being held by a soluble binder such as oil or grease). The mechanical effect of ultrasonic energy 
can be helpful in both speeding dissolution and displacing particles. Just as it is beneficial in cleaning, 
ultrasonics is also beneficial in the rinsing process. Residual cleaning chemicals are removed quickly and 
completely by ultrasonic rinsing. 
Ultrasonics Speeds Cleaning by Dissolution - 
Part Contaminant 
In removing a contaminant by dissolution, it is necessary 
for the solvent to come into contact with and dissolve the 
contaminant. The cleaning activity takes place only at the 
interface between the solvent and the contaminant. 
Contaminant 
As the solvent dissolves the contaminant, a saturated solvent 
layer develops at the interface between the solvent and the 
contaminant. Once this has happened, cleaning action stops as 
the saturated solvent can no longer attack the contaminant. 
Fresh solvent cannot reach the contaminant. 
UItrasonic cavitation and implosion effectively displace the 
saturated solvent layer to allow fresh solvent to come into 
contact with the contaminant remaining to be removed. This 
is especiaIly beneficial when irregular surfaces or internal 
passageways are to be cleaned. 
Ultrasonic Activity Displaces Particles - ' 
Insoluble 
Contam'nant Some contaminants are comprised of insoluble particles loosly 
attached and held in place by ionic or cohesive forces. These par- 
ticles need only be displaced sufficiently to break the attractive forces 
to be removed. 
C 
Cavitation and implosion as a result of ultrasonic activity 
displace and remove loosely held contaminants such as dust from 
surfaces. For this to be effective, it is necessary that the coupling 
medium be capable of wetting the particIes to be removed. 
Complex Contaminants - 
Contaminations can also, of course, be more complex in nature, consisting of combination soils 
made up of both soluble and insoluble components. The effect of ultrasonics is substantially the same in 
these cases, as the mechanical micro-agitation helps speed both the dissolution of soluble contaminants and 
the displacement of insoluble particles. 
Ultrasonic activity has also been demonstrated to speed or enhance the effect of many chemical re- 
actions. This is probably caused mostly by the high energy levels created as high pressures and tempera- 
tures are created at the implosion sites. It is likely that the superior results achieved in many ultrasonic 
cleaning operations may be at least partially attributed to the sonochemistry effect. 
A Superior Process - 
Ultrasonic energy has been proven to be more effective at enhancing cleaning than other alterna- 
tives, including spray washing, brushing, turbulation, air agitation, and electro-cleaning in many applica- 
tions. The ability of ultrasonic activity to penetrate and assist the cleaning of interior surfaces of complex 
parts is especially noteworthy. 
Ultrasonic E a u i m  -
To introduce ultrasonic energy into a cleaning system requires an ultrasonic transducer and an ultra- 
sonic power supply or "generator." The generator supplies electrical energy at the desired ultrasonic fre- 
quency. The ultrasonic transducer converts the electrical energy from the ultrasonic generator into me- 
chanical vibrations. 
Ultrasonic Generator - 
The ultrasonic generator converts electrical energy from the line which is typically alternating 
current at 50 or 60Hz to electrical energy at the ultrasonic frequency. This is accomplished in a number of 
ways by various equipment manufacturers. Current ultrasonic generators nearly all use solid state technol- 
om. 
60 Cycles 20,000t Cycles 
There have been several relatively recent innovations in ultrasonic generator technology which may 
enhance the effectiveness of ultrasonic cleaning equipment. These include square wave outputs, slowly or 
rapidly pulsing the ultrasonic energy on and off and modulating or "sweeping" the frequency of the 
generator output around the central operating frequency. The most advanced ultrasonic generators have 
provisions for adjusting a variety of output parameters to customize the ultrasonic energy output for the 
Square Wave Output - 
Applying a square wave signal to an ultrasonic transducer results in an acoustic output rich in har- 
monics. The result is a multi-frequency cleaning system which vibrates simultaneously at several h u e n -  
cies which are harmonics of the fundamental frequency. Multi-frequency operation offers the benefits of 
all frequencies combined in a single ultrasonic cleaning tank. 
Pulse - 
In pulse operation, the ultrasonic energy is turned on and off at a rate which may vary from once 
every several seconds to several hundred times per second. 
Pulsed Ultrasonic Output w 
Time - 
% On Time 
Th e that t on may also be changed to produce varied results. At 
slower pulse rates, more rapid degassing of liquids occurs as coalescing bubbles of air are given an oppor- 
tunity to rise to the surface of the liquid during the time the ultrasonic energy is off. At more rapid pulse 
rates the cleaning process may be enhanced as repeated high energy "bursts" of ultrasonic energy occur 
each time the energy source is turned on. 
Sweep - 
In sweep operation, the frequency of the output of the ultrasonic generator is modulated around a 
central frequency which may itself be adjustable. 
~wee~-ultrasonic Output +Sweep Period + 
Minimum Maximum 
Frequency Frequency 
Various effects are produced by chan 
.- - -  
- 
of the frequency modulation. The fre- 
quency may be mdulated from once ral hundred times per s&d with the 
magnitude=i%i-raiiging - frdiiiseveralhirtz toseveral mohertz. Sweep may be u s i  prevent 
. diihagk-~oe~trem~~~elicaie parts or to rduce the-eEcts of standing waves in cieaning tan&. Sweep 
operation may also be found especially Gefiul in facilitating the cavitation of terpenes and based 
- - 
- - -- - - - - . 
-- -- 
chemiitries. PuIse and sweep operation may be especially useful in facilitating the cavitation of terpenes 
aid pi3roleum basedchemistries. 
Ultrasonic Transducers - 
There are two general types of ultrasonic transducers in use today: Magnetostrictive and piezoelec- 
tric. Both accomplish the same task of converting alternating electrical energy to vibratory mechanical 
energy but do it through the use of different means. - 
Magnetostrictive - 
Magnetostrictive transducers utilize the principle of magnetostriction in which certain materials 
expand and contract when placed in an alternating magnetic field. Alternating electrical energy from the 
ultrasonic generator is first converted into an alternating magnetic field through the use of a coil of wire. 
The alternating magnetic field is then used to induce mechanical vibrations at the ultrasonic frequency in 
strips of nickel or other magnetostrictive material which are attached to the surface to be vibrated. Because 
mag~~etostrictive materials behave identically to a magnetic field of either polarity, the frequency of the 
electrical energy applied to the transducer is 112 of the desired output frequency. Magnetostrictive 
transducers were first to supply a robust source of ultrasonic vibrations for high power applications such as 
ultrasonic cleaning. 
Because of inherent mechanical con- 
% straints on the physical size of the hardware as well as electrical and magnetic complications, 
Mechanicaloutput ltltl high power magnetostrictive transducers Frequency = 2F Output Face seldom operate at frequencies much above 
p, 20 kilohertz. Piezoelectric transducers, on the 
other hand, can easily operate well into the 
megahertz range. 
Magnetostrictive transducers are gener- 
ally less efficient than their piezoelectric 
counterparts. This is due primarily to the fact 
that the magnetostrictive transducer requires a 
dual energy conversion from electrical to 
magnetic and then from magnetic to mechani- 
cal. Some efficiency is lost in each conver- 
sion. Hysteresis effects also detract from the 
efficiency of the magnetostrictive transducer. 
Piezoelectric - 
Piezoelectric transducers convert alternating electrical energy directly to mechanical energy through 
use of the piezoelectric effect in which certain materials change dimension when an electrical charge is 
applied to them. 
Electrical energy at the 
ultrasonic frequency is supplied to 
- - 
the transduceFby the ultrasonic Radiating Plate Ultrasmicalk Activated Liquid \ 
generator. This electrical energy is 
applied to piezoelectric element(s) 
in the transducer which vibrate. 
These vibrations are amplified by 
the resonant masses of the 
transducer and directed into the 
liquid through the radiating plate. 
Early piezoelectric transduc- 
ers utilized such piezoeIectric 
materials as naturally occuring 
quartz crystals and barium titanate 
which were fragile and unstable. 
Early piezoelectric transducers 
Ground Connection y: 
Attadment of Ihe Nose 
Piece by Vacuum Brazing 
\~luminum Coupl~ng Mass 
Piezoelectric Driving Elements 
Compression EOH ' U 
- Steel Back Mass 
were, therefore, unreliable. 
Today's incorporate stronger, more efficient and highly stable ceramic piezoelectric materials 
which were a result of the efforts of the US Navy and its research to develop advanced sonar transponders 
in the 1940's. The vast majority of transducers used today for uItrasonic cleaning utilize the piezoelectric 
effect. and its research to develop advanced sonar transponders in the 1940's. The vast majority of 
transducers used today for ultrasonic cleaning utilize the piezoeIectric effect. 
Ultrasonic Cleaning Equipment - 
Ultrasonic cleaning equipment ranges from the small tabletop units often found in dental offices or 
jewelry stores to huge systems with capacities of several thousand gallons used in a variety of industrial 
applications. Selection or design of the proper equipment is paramount in the success of any ultrasonic 
cleaning application. 
The simplest application may require only a simple heated tank cleaner with rinsing to be done in a 
sink or in a separate container. More sophisticated cleaning systems include one or more rinses, added 
process tanks and hot air dryers. Automation is often added to reduce labor and guarantee process consis- 
tency. 
The largest installations utilize immersible ultrasonic transducers which can be mounted on the sides 
or bottom of cleaning tanks of nearly any size. Immersible ultrasonic transducers offer maximum flexibil- 
ity and ease of installation and service. 
- = 
- -  - 
Maximizing &e UltrasMi c ~ l e a n i n p  - 
- 
-- - 
---- 
process Paramem - 
- 
Effective application of the ultrasonic cleaning process requires consideration of a number of para- 
meters. While time, temperature and chemical remain important in ultrasonic cleaning as they are in other 
cleaning technologies, there are other factors which must be considered to maximize the effectiveness of 
the Especially important are those variables which affect the intensity of ultrasonic cavitation in 
the liquid. 
Maximizing Cavitation 
Maximizing cavitation of the cleaning liquid is obviously very important to the success of the ultra- 
sonic cleaning process. Several variables affect cavitation intensity. 
- - 
- 
-. .. 
- 
-- 
B m e r m  - --- is the most important single parameter to be considered in maximizing cavitation in- 
tensity. This is because so many liquid properties<@ecting cavitation intensity are related to temperature. 
Changes in temperature result in changes in viscosity, the solubility of gas in the liquid, the diffusion rate 
of dissolved gasses in the liquid, and vapor pressure, all of which affect cavitation intensity. In pure water, 
the cavitation effect is maximized at approximately 160°F. 
- - -- 
The viscosity of a liquid must be minimized for maximum cavitation effect. Viscous liquids are 
sluggish and canvot respond quickly enough to form cavitation bubbles. The viscosity of most liquids is 
reduced as temperature is increased 
- - - - 
-  
For most effective cavitation, the cleaning liquid must contain as little dissolved gas as possible. 
Gas dissolved in the liquid is released during the bubble growth phase of cavitation and prevents its violent 
implosion which is required for the desired ultrasonic effect. The amount of dissolved gas in a liquid is 
- -  - 
reduced as the liquid temperature is increased. 
The diffusion rate of dissolved gasses in a liquid is increased at higher temperatures. This means 
that liquidsat higher temperatures up dissolved gasses more readily than those at lower temperatures, 
which aids in minimizing the amount of dissolved gas in the liquid. 
A moderate increase in the temperature of a liquid brings it closer to its vapor pressure, meaning that 
vaporous cavitation is more easily achieved. Vaporous cavitation, in which the cavitation bubbles are filled 
with the vapor of the cavitating liquid, is the most effective form of cavitation. As the boiling temperature 
is approached, however, the cavitation intensity is reduced as the liquid starts to boil at the cavitation sites. 
Cavitation intensity is directly related to Y1trsanic Power at the power levels generally used in ul- 
trasonic cleaning systems. As power is increased substantially above the cavitation threshold, cavitation in- 
tensity levels off and can only be further increased through the use of focusing techniques. 
Cavitation intensity is inversely related t o p .  As the ultrasonic frequency is in- 
creased, cavitation intensity is reduced because of the smaller size of the cavitation bubbles and their resul- 
tant less violent implosion. The reduction in cavitation effect at higher freqencies may be overcome by in- 
creasing the ultrasonic power. 
Maximizing Overall Cleaning Effect 
Cleaning~ selection is extremely important to the overall success of the ultrasonic cleaning 
process. The selected chemical must be compatible with the base metal being cleaned and have the ca- 
pablility to remove the soils which are present. It must also cavitate well. Most cleaning chemicals can be 
used satisfactorily with ultrasonics. Some are formulated especially for use with ultrasonics. However, 
avoid the non-foaming formulations normally used in spray washing applications. Highly wetted formula- 
tions are preferred. Many of the new petroleum cleaners, as well as petroleum and terpene based semi- 
aqueous cleaners, are compatible with ultrasonics. use of these formulations may require some special 
equipment considerations, including increased ultrasonic power, to be effective. 
Tern~e- was mentioned earlier as being important to achieving maximum cavitation. The ef- 
fectiveness of the cleaning chemical is also related to temperature. Although the cavitation effect is maxi- 
mized in pure water at a temperature of approximately 160°F, optimum cleaning is often seen at higher or 
Importance of Minimizing Dissolved Gas 
Negattve Pressure Atmospherlc Pressure 
Cavitation Bubble Growing Bubble Starts to Collapse 
Positive Pressure 
Bubble Continues to Collapse 
apart and cavitation bubbles start to form. As a negative pressure develops 
within the bubble, gasses dissolved in the cavitating liquid start to diffuse 
across the boundary into the bubble. As negative pressure is reduced due to 
the passing of the rarefaction portion of the sound wave and atmospheric 
pressure is reached, the cavitation bubble starts to collapse due to its own 
surface tension. During the compression portion of the sound wave, any gas 
which diffused into the bubble is compressed and finally starts to diffuse 
across the boundary again to re-enter the liquid. This process, however, is 
never complete as long as the bubble contains gas since the diffusion out of the 
bubble does not start until the bubble is compressed. And once the bubble is com- 
pressed, the boundary surface available for diffusion is reduced. As a result, cavitation bubbles formed in 
liquids containing gas do not collapse all the way to implosion but rather result' in a small pocket of 
compressed gas in the liquid. This phenomenon can be useful in degassing liquids. The small gas bubbles 
group together until they finally become sufficiently buoyant to come to the surface of the liquid. 
lower temperatures because of the effect that temperature has on the cleaning chemical. As a general rule, 
each chemical will perform best at its recommended process temperature regardless of the temperature 
effect on the ultrasonics. For example, al- ulbasonlc EM 
though the maximum ultrasonic effect is 
achieved at 160°F, most highly caustic cleaners 
are used at a temperatures of 180°F to 190°F 
D because the chemical effect is greatly en- 
hanced by the added temperature. Other 
P 
cleaners may be found to break down and lose 
their effectiveness if used at temperatures in 
excess of as low as 140°F. The best practice is 
to use a chemical at its maximum recom- I 
100 120 140 160 180 200 220 
mended temperature not exceeding 190°F. 
Temperature OF 
Beeassine of cleaning solutions is 
extremely irnpo&nt in achieving satisfactory cleaning results. Fresh solutions or solutions which have 
cooled must be degassed before p r S d % g  with cleaning. Degassing is done after the chemical is added 
and is accomplished by operating the ultrasonic energy and raising the solution temperature. f i e  time 
required for degassing varies considerably, based on tank capacity and solution temperature, and may 
small tank to an hour or more for a large tank. An unheated tank may 
egassing is complete when small bubbles of gas cannot be seen rising to 
the surface of the liquid and apatt&i of ripples can be seen. 
The Ultrasonic Power delivered to the cleaning tank must be adequate to cavitate the entire volume 
of liquid with the workload in place. Watts per gallon is a unit of measure often used to measure the level 
of ultrasonic powerin a cleaning tank. As 
tank volume is increased, the number of watts 
per gallon required to achieve the required 
120 performance is reduced. Cleaning parts that 
are very massive or that have a high ratio of 1 w 
surface to mass may require additional ultra- 80 
sonic power. Excessive power may cause 
cavitation erosion or "burning" on soft metal 
60 
parts. If a wide variety of parts is to be 40 
cleaned in a single cleaning system, an zo 
ultrasonic power control is recommended to 
0 
allow the power to be adjusted as required for o 20 40 60  80 100 Gallons 
various cleaning needs. 
Part Ex- to both the cleaning chemical and ultrasonic energy is importantfor effective clean- 
ing. Care must be taken to ensure that all areas of the parts being cleaned are flooded with the cleaning 
liquid. Parts baskets and fixtures must be designed to allow penetration of ultrasonic energy and to posi- 
tion the p rgy. It is oEen necessa .  to individually 
rack parts in a specific orientation or rotate them during the cleaning process to thoroughly clean internal 
passagei and blind holes. 
Conclusion - 
y utilized, ultrasonic energy can contribute significantly tothe speed and effectiveness of 
many immersion cleaning and rinsing processes. It is especially beneficial in increasing the effectiveness 
of today's preferred aqueous cleaning chemistries and, in fact, is necessary in many applicalions to achieve 
the desired level of cleanliness. With ultrasonics, aqueous chemistries can often give results surpassing 
those previously achieved using solvents. Ultrasonics is not a technology of the future -- it is very much a 
technology of today. 
Ths ~ b n i o s d  rmnuraip hrr hm authored by 1 a n m c t m  of the U.S. Oovaammt under eolltrae DB-AM- 
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A CENTRIFUGE CO2 PELLET CLEANING SYSTEM 
C. A. Foster, P. W. Fisher, W. D. Nelson, and D. E. Schechter 
Oak Ridge National Laboratory, Oak Ridge, Tennessee 
ABSTRACT 
An advanced turbinelC02 pellet accelerator is being evaluated as a 
depaint technology at Oak Ridge National Laboratory (ORNL). The program, 
sponsored by Warner Robins Air Logistics Center (ALC), Robins Air Force Base, 
Georgia, has developed a robot-compatible apparatus that efficiently 
accelerates pellets of dry ice with a high-speed rotating wheel. In comparison 
to the more conventional compressed air 'sandblast' pellet accelerators, the 
turbine system can achieve higher pellet speeds, has precise speed control, 
and is more than ten times as efficient. A preliminary study of the apparatus 
as a depaint technology has been undertaken. Depaint rates of military 
epoxylurethane paint systems on 2024 and 7075 aluminum panels as a function 
of pellet speed and throughput have been measured. In addition, methods of 
enhancing the strip rate by combining infra-red heat lamps with pellet 
blasting and by combining the use of environmentally benign solvents with 
the pellet blasting have also been studied. The design and operation of the 
apparatus will be discussed along with data obtained from the depaint studies. 
INTRODUCTION 
The centrifuge C02 cleaning system is a method of cleaning surfaces. 
Use of C02 is environmentally sound because it is readily available as a by- 
product stream from many industrial processes. The cleaning action takes 
place when the high-speed pellet of frozen C02  impacts the surface and knocks 
loose any contamination. Depending on the speed of the pellets, the cleaning 
action can be adjusted from a low impact pressure regime up to an aggressive 
impact during which relatively hard surfaces can be removed or etched. The 
cleaning applications of the centrifuge-based pellet accelerator are similar to 
those of commercially available C02 pellet cryoblasting systems that use 
compressed air to accelerate the pellets. The distinguishing feature of the 
centrifuge system is that it can achieve much higher pellet speeds at 
increased efficiency, which allows the centrifuge system to perform more 
aggressive cleaning and etching tasks. For example, removing epoxy-based 
paints from aircraft, a task that previously used large quantities of methylene 
chloride solvents, may be economically feasible with high-speed C02 pellets. 
Another application ' i s  the cleaning of surfaces contaminated with toxic, 
hazardous, o r  radioactive substances. In these applications the lack of a 
secondary contaminated waste stream is of great benefit. 
THEORY OF OPERATION 
The centrifuge accelerates cryogenic pellets with virtually no contact 
forces between the pellet and the accelerator. The acceleration process 
utilizes the commonly known property that frozen C02 (dry ice) 'floats' on a 
self-generated gas bearing when placed on a smooth surface. Pellets injected 
into a high-speed rotating track are thus accelerated with negligible friction 
loss, Fig. 1. Figure 2 shows the typical geometry of a track in a centrifuge 
wheel. Pellets exiting the wheel have a speed vp determined by the peripheral 
speed of the wheel v~ and the exit angle 0 between the track and the tangent 
of the wheel, Fig. 2. 
Vp = 2vW C O S ( ~ / ~ )  ( 1 )  
The track geometry for our present wheel has an exit peripheral angIe 
of 45 degrees giving a pellet speed of 1.75 times the wheel tip velocity. Speeds 
of up to 350 m/s (1150 ft/s) and acceleration efficiencies of 80% (65% overall 
efficiency) have been achieved. All pellets accelerated by the wheel have 
essentially the same velocity which means that the entire stream can be 
delivered to the surface at the optimal velocity for the particular application. 
This is in contrast . to  compressed air systems which deliver pellets with a 
range of velocities. 
The interaction of the high-speed pellet with a surface can be modeled 
using the same physics as the impact of a high speed fluid droplet on a surfact, 
Fig. 3. In this case the impact pressure created on the surface is given by the 
'water hammer' equation. This equation relates the impact stress s to the 
pellet velocity vp, pellet density p 1 and compressive sound speed U1: 
for impact with rigid surfaces and 
- 
- 
or impact with semirigid surfaces. The compressive sound speed is one 
measure of the pellet's hardness. Even though dry ice is relatively soft, at 
high speeds the pressures developed during impact can be made larger than 
the yield strength of most materials. Depending on the surface being 
impacted, there is a characteristic threshold velocity above which erosion 
takes place. It is interesting to note that this physics model corresponds to any 
abrasive media which is significantly .softer than the surface being impacted. 
Therefore, all of the soft abrasive and liquid impact cleaning technologies arc 
basically the same. That is, one would expect to achieve comparable results 
with high pressure water, CO2, or plastic media abrasives for comparable 
surface impact pressures as given by Equations 2 and 3. - -- - 
The differentiating features of the soft abrasive technologies depend on 
the speed and efficiency of the acceleration technology, the cost of the 
equipment, the cost of the abrasive material, and the cost of the recovery or 
cost of disposal of the abrasive material. The principle advantage of the 
centrifuge C02 system is that it can achieve pellet speeds high enough to 
perform aggressive etching. Furthermore, it is efficient and the waste 
processing is done with a simple high efficiency air filtering system. Another 
distinguishing feature of the C02 system is that during impact the C02 is 
converted from a solid to a high-pressure supercritical fluid which undergoes 
a rapid decompression and expansion which can be quite effective in 
dissolving hydrocarbons and in sweeping away surface deposits. These effects 
are especially important in cleaning porous surfaces. 
EXPERIMENT 
The experiment involved design, fabrication, and testing of a robot 
compatible device, similar to Fig. 1. The hardware used to accelerate the C02 
pellets consists of a high-speed electric motor and a specially designed 
aluminum accelerator disk. This unit uses a lightweight 11-kW (15-HP) 
brushless DC motor with a 0.35-m (14-in) wheel. The weight of the accelerator 
is kept low for compatibility with the robot. This unit will accelerate C02 
pellets delivering up to 454 kg/h (1000 Ibs/h) at velocities of 350 m/s (1150 
ftls) and clean a swath about 13-cm (5-in) wide as it is scanned across a 
surface. A commercial C02 micropellet fabrication machine was used to feed 
the centrifuge. The unit was mounted on a GMFanuc S-420F robot, which was 
programmed to move the device across sheets of painted aluminum panels at 
various rates in order to obtain depainting rates. 
Painted panel samples which measured 0.51 m by 1.02 m (2 ft by 4 ft) 
were mounted on a horizontal support matrix which was designed to simulate 
the rib structure of the aircraft. This was mounted on a table top and 
surrounded by an exhaust shroud to collect the carbon dioxide gas and paint 
chips. A 57-m3/min (2000 CFM) HEPA filter system collected this gas and 
directed the exhaust outside the building. The pelletizer was started about 
45 minutes prior to the run to collect a supply of pellets for the run. The robot 
was programmed to sweep the device in a linear scan at programmable rates 
for designated distances across the panel. Parameters such as offset distance 
and starting position were also programmable. The robot scan was generally 
tested prior to operating the device. If preheating lamps were used during the 
run, they would be turned on first. The motor speed would then be set and the 
motor turned on. Pellet feed would then be initiated and the robot scan would 
be initiated. 
Four different aluminum substrates used in this work: 2024-T3 and 
7075-T6 aluminum each with a thickness of 0.081 mm (0.032 in) and 1.57 mm 
(0.062 in). The panels were cut, marked, and sent to Warner Robins ALC for 
painting. They received a coat of MIL-P-23377 epoxy-polyamide primer on 
both sides and a finish coat of gray gloss MIL-C-83286 urethane-aliphatic 
isocyanate paint on the side to be tested. The samples were then artificially 
aged and returned to ORNL. There were a total of twenty test panels prepared. 
Samples were run at room temperature with various pellet feed rates and scan 
rates, at elevated temperatures, and with solvent augmentation. Cleaned areas 
were measured using the 'paper dolly' method in which the cleaned area was 
traced on paper, cut out, and weighed. Weights were then compared to weights 
of known areas to determined the area cleaned. The results of these tests are 
presented below. - 
RESULTS AND DISCUSSION 
P m  VELOC1TY MEASlJRWUWS 
-- . 
Double pulse strobe lighting with 200 - p s  between pulses was  used to 
determine pellet velocities. Distances between double-exposure video images 
of the same pellet were used to calculate distance traveled during this time 
period. Results of analysis of about 200 individual pellet trajectories from 24 
video frames are shown in Fig. 4. The theoretical speed at the point of release 
on the wheel at this velocity-(12,000 rpm) is 390 m/s (1280- ftls). Theoretical 
calculation of velocity reduction due to air drag for several sizes of spherical 
pellets are presented as the Knes i n  the figure. Pellets are fetf i n t o  the wheeI 
as 1-mm diameter cylinders and it is plausible that they may undergo breakage 
in the feed line and during acceleration. Video images of the pellets were not 
of good enough quality to measure actual pellet diameter. Pellets strike the 
surface being cleaned- in the range of 18 to 25 mm (7 to 10 in) from the wheel. 
In this range, pellets are traveling at a speed of about 350 m/s (1150 ftls). 
During a typical scan, the robot was programmed to clean ten 120-mm 
(4.72-in) long segmentsat rates of 64, 32, 28, -16, 12, 8, 6, 4, and t)_mm/s (12.6, 6.3, 
5.5, 3.1, 2.4, 1.6, 1.2, 0.8, and 0.6 ftlmin). Figure 5 shows the fraction of the 
surface - -  - cleaned as a function - -  - of the quantity of pellets striking the surface for 
three different pellet velocities. The curves have sigboid s 6 6 e  showing an 
incubation period where little or no erosion occurs, followed by period of 
rapidly increasing erosion rate and finally leveling off as 1-00% cleaning is 
approached. The device clGns a 13.3-cm (5.25-in) swath with the cleaning 
efficiency being the highest at the center. At optimal strip rates, the center of 
the swath is fully cleaned with the edges left partially stripped. A 2.5-cm 
(1-in) overlay on the next pass completes the stripping of the edge region. 
Figure 6 shows the effect of pellet feed rate on cleaning rate at the highest 
pel le t  speed (1150 ft/s). This curve again shows behavior typical of most 
erosion processes in that there is some incubation period below which 
cleaning does not occur, followed by a segment of rapidly increasing cleaning 
rates. At higher rates the data is showing signs of leveling off. It appears that 
at 12,000 rpm at least 79 kg/h (175 Ibs/h) is the incubation rate and that about 
227 kg/h (500 lbs/h) may be the optimal operating point where depaint rates 
of about - -- 6.7 rn2/h (1.2 ft2/min) are achieved. 
Figure 7 shows results of Almen strip test runs. Almen test strips were 
cut from 0.81-mm (0.32-in) thick 2 m T 3  painted panels and run under typicaI 
cleaning conditions. The curves show incubation periods simflar to those for 
cleaning curves shown in Fig. 5. Almen deflection and fractional cleaning 
also appear t o  be related, and it appears that the Almen deflection associated 
with a specific level of cleaning may be independent of the pellet speed. Two 
important effects must be considered in evaluation the potential surface 
hardening, which would result from multiple depaint cycles. First, the Almen 
deflection curves tend to saturate with additional dosing so that each 
subsequent cleaning would produce less additional Almen deflection than the 
previous cycle. Second, the paint actually protects the surface, especially 
through the incubation period, so that curves for Almen deflection for the 
accumulated dose for unpainted material will be higher than those for painted 
specimens. 
HEAT AUGMENTED DEPAMTING 
In an earlier phase of this program, it was found that mild heating of 
the surface made dramatic increases in depainting rate; therefore, further 
tests in this area were performed with this new accelerator. Three heating 
methods were explored: a 5-kW hot-air gun blowing on the surface just ahead 
of the blast area in the scan direction, two 1.2-kW Research, Inc., infrared 
lamps mounted on the unit in the scan direction, and portable Wal-Mart heat 
lamps used to warm the surface prior to scanning. The temperature of the 
surface was read just ahead of the blast zone with an Exergen infrared 
thermometer and recorded. Results show that the important factor in 
determining depaint rate is the surface temperature and not the method used 
to produce the temperature increase. 
Figure 8 shows the results of experiments to augment the strip rate by 
heating the paint surface. The quartz infra-red heat lamps, mounted on the 
turbine wheel housing, preheat the surface to a temperature around the 
boiling point of water (212" F) for a few seconds preceding the blasting. The 
heating softens the paint and thereby increases the depaint rate by a factor of 
3-to-4 times the unheated strip rate. 
SOLVENT AUGMENTED DEPAINIING 
Another option available to enhance strip rate is the use of 
environmentally benign solvents to presoften the paint. There are many such 
solvents available, but only two were used to test the concept: methyl-ethyl- 
ketone (MEK) and 3M Safest Strip. MEK is very volatile and would evaporate 
too rapidly to have any effect if just painted on the surface. This problem was 
circumvented by laying a towel on the surface, soaking it with MEK, and 
covering with plastic to prevent evaporation. Safest Strip contains agents that 
retard evaporation; however, the surface was also covered after application to 
prevent hardening. With these mild solvents the *surface must be soaked for 
some time to cause an effect. In these tests the solvents were left on the panel 
over the weekend, or about three days. These samples were run at only one 
scan rate (9.5 ftlmin), and the results are shown in Fig. 9 with results from 
heating and straight blasting for comparison. As can be seen in the figure, 
solvent augmented cleaning rates are on the order of four times the 
unaugmented rates. 
ADDITIONAL TESTING 
In addition to the paint stripping program, a limited amount of testing 
with the  c'entrifuge/C02 blaster was also performed to characterize its 
cleaning capabilities on a variety of surfaces. Several objects typical of those 
found in a decontamination project were cleaned. These included: a painted 
concrete block, greasy gear assembly, a concrete floor sample, enamel coated 
steel siding, some limestone rocks, a wooden pallet, and a rusty angle iron. 
Also, through a DOE-sponsored program designed to assist U.S. industry, a 
number of private companies ran short tests with their own samples to  
determine the potential of implementing C a 2  blasting in their specific 
industrial process. 
CONCLUSIONS AND RECOMMENDATIONS 
This program has produced a robot compatible centrifugal dry ice pellet 
depainting device for Warner Robins ALC This device is about ten times the 
efficiency o f  conventional dry ice blasting equipment,  which utilizes 
pneumatic acceleration. The  device has been shown to  be capable of 
delivering 454 kg/h (1000 Ibs/h) at veIocities of 350 m/s (1150 ft/s). The 
device is powered by a specially developed light-weight brushless DC motor 
which develops over 15 kW (20 HP) at 12,000 rpm. WhiIe the device has not 
been qualified for operation at higher velocities, the motor has been run at 
16,000 rpm; the entire device has been tested to 14,000 rpm without pellets. 
Modest increases in velocity may be desirable to increase cleaning rates. The 
device was mounted on a robot at ORNL, which scanned it across sample 
surfaces. It was shown to clean a swath about 13.3-cm (5.25-in) wide with a 
3.8-cm (1.5-in) standoff --- distance. Depainting rates in excess of 5.6 m 2 / h  
(1-ft2/min) were measured with a pellet feed rate of 227 kg/h (500 Ibs/h). 
Rates in excess of 22 m2/h (4 ftZ/min) were measured when the paint was 
preheated to temperatures on the order of 100 C (212 F) or  when the paint was 
presoftened with - several environmentally benign paint stripping agents. 
- - 
.- - - -  *= - - 
~ e & r &  Gnsored by the U.S. Department of Energy under contrac~DE-AC05-840R21400 will? Martin 
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Fig 1. Turbine cryoblaster concept. Pellets are fed into grooves near the 
center of the wheel and accelerated to 1150 ft/s as they exit the device. 
r Wheel 
Fig 2. Wheel geometry showing vector sum of velocities as pellets exit the grooves. 
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Fig 4. Measured pellet velocities with a rotor speed of 12,000 rpm. Lines 
show expected velocities for several size pellets undergoing aerodynamic drag. 
Fig 5. Fraction of surface depainted as a function of the quantity of pellets 
striking the surface for three different pellet speeds. 
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Fig 6. Optimal depaint rates as a function of pellet feed rate at 12,000 rpm (1 150 ftls). 
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ABSTRACT 
Tomco Equipment Company has participated in the dry ice (solid carbon dioxide, CO?) cleaning 
industry for over ten years as a pioneer in the manufacturer of high density, dry ice cleaning pellet 
production equipment. For over four years Tomco high density pelletizers have been available to the dry 
ice cleaning industry. Approximately one year ago Tomco introduced the DI-250, a new dry ice blast unit 
making Tomco a single source supplier for sublimable media, particle blast, cleaning systems. This new 
blast unit is an all pneumatic, single discharge hose device. It meters the insertion of 1/8 inch diameter 
(or smaller), high density, dry ice pellets into a high pressure, propellant gas stream. The dry ice and 
propellant streams are controlled and mixed from the blast cabinet. From there the mixture is transported 
to the nozzle where the pellets are accelerated to an appropriate blasting velocity. When directed to 
impact upon a target area, these dry ice pellets have d i c i e n t  energy to effectively remove most surface 
coatings through dry, abrasive contact. 
The meta-stable, dry ice pellets used for C02 cleaning, while labeled "high density," are less 
dense than alternate, abrasive, particle blast media. In addition, after contacting the target surface, they 
return to their equilibrium condition: a superheated gas state. Most currently used grit blasting media are 
silicon dioxide based, which possess a sharp tetrahedral molecular structure. Silicon dioxide crystal 
structures will always produce smaller sharpedged replicas of the original crystal upon fracture. Larger, 
softer dry ice pellets do not share the same sharp-edged crystalline structures as their non-sublimable 
counterparts when broken. In fact, upon contact with the target surface, dry ice pellets will plastically 
deform and break apart. As such, dry ice cleaning is less hamfbl to sensitive substrates, workers and the 
environment than chemical or abrasive cleaning systems. 
Dry ice cleaning system components include: a dry ice pellet supply, a non-reactive propellant 
gas source, a pellet and propellant metering device, and a media transport and acceleration hose and 
nozzle arrangement. Dry ice cleaning system operating parameters include: choice of propellant gas, its 
pressure and temperature, dry ice mass flow rate, dry ice pellet size and shape, and acceleration nozzle 
configuration. These parameters may be modified to fit different applications. The growth of the dry ice 
cleaning industry will depend upon timely data acquisition of the effects that independent changes in these 
parameters have on cleaning rates, with respect to different surface coating and substrate combinations. 
With this data, optimization of cleaning rates for particular applications will be possible. The analysis of 
the applicable range of modulation of these parameters, within system component mechanical constraints, 
has just begun. 
INTRODUCTION 
Dry ice cleaning is an environmentally sound and user friendly, dry, abrasive process. It is 
similar in principle to sandblasting, though much more broad in scope and application. Specially 
designed equipment is necessary to deal with the differences in mediums while taking 111 advantage of 
Merent applications. Using dry ice cleaning systems in place of grit or water blasting or chemical 
cleaning systems to remove a surface coating leaves only the waste behind. The carbon dioxide used in 
this cleaning process has already been generated by industry and thus does not increase the quantity of 
green house gasses that contribute to global warming. Furthermore, many cleaning applications would 
suffer from the use, or introduction, of moisture in the c~eanhg~rocess. Dry ice cleaning may be 
performed without introducing moisture by carehl specification of system components. 
The use of sublimable-meGa,&rasive -- blasting --- systems will reduce the space required in landfills 
and eliminate the costly separation and filtration of potentially hazardous waste products from the blast 
media at the end of a job. Similarly, the remediation of cleaning or stripping chemicals adds time and 
cost to the inherent biological hazards associated with chemical cleaning systems. Stringent and costly 
masking requirements of some aerospace applications maybe - - -  - relaxed because dry ice pellets quickly 
sublime after impact, which makes dry ice cleaning an attractive alternative. Dry ice within the fuseiage 
raft will eventually sublime, and thus the weight ofthe craft will not be increased. 
Carbon dioxide is primarily generated by petrochemical and fertilizer production processes, and 
secondarily from flue gas purification - - processes. Thus it is readily available in most industrial locations 
in the US and abroad. The process of transforming C02 into a useable solid phase for dry ice cleaning 
systems is a technology that was borrowed from the food - processing industry, which has also benefited 
from the advances in pellet production equipment. The replacement of sublimable dry ice fin& for non- 
sublimating, abrasive blasting media requires special pellet extrusion equipment, -. .- -- capable of producing a 
smaller, more dense pellet than what is currently being used in f d  processing. In addition to changes in 
dry ice pelletizers, blasting equipment modifications necessary to facilitate the use of this near cryogenic 
media necessitates --- -- a different system design than that used for sandblasting. 
The dry ice cleaning process - is just that: dry. No water is used in the dry ice cleaning process. 
While the dry ice temperature of - 1 0 9 . 3 2 ~  d l  cause rime ice to temporarily freeze onto substrates in 
uncontrolled -- environments, -- this side-effect may be eliminated with -- - propG - - -- specification - - A - . of atmospheric 
and propellant characteristics. Small cleaning booths supplied with dry, inert, positive pressure 
atmospheres, used in conjunction with cryogenically produced nitrogen as the propellant gaqwill limit the 
introduction of moisture to that which may have been frozen to the surface of the dj ice pellets during 
production. In addition, by "tenting" the dry ice pellet extruder q d  insulated receiver container 
(enclosing the extrusion heads and container within a tent) and again providing a positive-pressure inert 
atmosphere inside, the introduction of atmospheric moisture to the cleaning process may be all but 
eliminated. 
SYSTEM EQUIPMENT 
- 
- - 
A typical dry ice cleaning system will consist of the following components: 
- - 
A -- supply - of dry -- ice - blasting pellets of proper size, shape and density. 
A propellant gas source ofsui~leTemperature, pressure and dew Mint. 
A device for containing the media, and modulating the flow of dry ice and propellant to the delivery hose. 
A device to transport and accelerate dry ice pellets to high velocities, and direct them to the work surface. 
BLASTING MEDIA 
Dry ice cleaning pellets are larger, and less dense than alternative grit blasting mediums. In 
addition, they are ductile and do not share the same molecular structure as their predecessors. Unlike their 
counterparts, the qualities of dry ice may be modified during production to better -mate the cleaning pellet 
to the application. This ability to alter the physical characteristics of dry ice during the ice production or 
cleaning step enables the abrasive C02 cleaning process to compete in applications that were previously 
the sole domain of chemical solvent cleaning systems. Due to the meta-stable nature of dry ice, the 
problem of transportation of cleaning pellets to the work site is a primary concern of C02 cleaning 
equipment manufacturers. 
The size of dry ice pellets best suited for use in C02 cleaning systems are 0.125 inch diameter, or 
less. However, unless special sizing equipment is incorporated within the pellet production equipment, 
the length of the extruded pellet will be proportional to its density. Currently, this length may range from 
3/16 of an inch, to well over 6 inches. The suggested pellet length used in dry ice blasting equipment (to 
assure a reliable, steady, uninterrupted flow of pellets from the storage hopper to the insertion mechanism) 
is approximately 112 inch or less. Here smaller is definitely better. The minimum size should depend 
upon the application, with regard to the potential for substrate damage, and the nature of the coating being 
removed. N o d  pellet production, storage, and handling will reduce the pellet length to this value. 
Furthermore, mechanical insertion into the propellant stream, the subsequent transport, (and 
accompanying sublimation) and acceleration processes will reduce the pellet length to a maximum of 
0.125 inch at the target surface. 
Tomco Equipment Company's High Density Pelletizers (HP equipment designation) extrude dry 
ice pellets in density ranges from 42 Lbm/F3 to approximately 55 L b f l  for use in C02 cleaning 
systems. For comparison, the density range of dry sand is 90 - 105 L b m .  This lower density of dry ice 
cleaning pellets is significant in that dry ice cleaning systems will exhibit less overall cleaning energy 
density at the work surface for the same particle and propellant velocities than those using smaller, 
sharper, grit-blasting media. AIso different are the fracture mechanics of dry ice. Most currently used 
grit blasting media are silicon dioxide based, which possess a sharp tetrahedral molecular structure. 
These tiny, extremely hard substances (E=45 x lo6 PSI) will always break into smaller sharp-edged 
replicas of the original grain. The softer dry ice pellets do not produce the same sharp-edged crystalline 
structures as their non-sublimable counterparts when broken. Upon contact with the target surface, the 
dry ice pellets will plastically deform and break apart. Any panicle remnants left over from this collision 
will be repelled from the work surface by the gaseous forces from the propellant and the sublimating dry 
ice. Thus dry ice cleaning does not share the same potential for subsurface erosion (substrate etching) as 
alternative, grit-blasting systems. This enables COz cleaning to be used in sensitive substrate applications. 
Tomco Equipment Company is preparing to research the effects of dry ice cleaning pellet size, 
shape, density and mass flow rate on cleaning rate and efficiency. To make this data relevant (and widen 
the application base for this cleaning technology) these rates must be referenced to surface coatings and 
substrates. This requires the assistance of industries interested in gaining from advances in C02 cleaning 
technology. It is reasonable to expect that blasting times in certain applications may be shortened with 
the useof smaller, more dense pellets dispersed over a given nozzle exit area. This is due to a smaller 
pellet's superior ability to penetrate coating grain boundaries. Smaller, irregularly shaped pellets should 
also possess sharper crystalline points than their larger counterparts, firther enhancing cleaning rates. 
Transportation of dry ice cleaning pellets over long distances tends to settle and compact the 
pellets into a large block. Any block or clumping of pellets must be broken up into free flowing pellets 
prior to use, and this separation process creates "fines". (Fines are 1 - 2 m  sized dry ice particles.) These 
miniature particles will completely sublime within the delivery hose. Consequently, their mass can not be 
counted on for cleaning. Smaller pellets d e r  more deterioration from settling and separation. For this 
reason, Tomco believes that it is more desirable to include a device within the blast apparatus for reducing 
pellet size to that required in a specific cleaning application if the size required is less than 0.125 inch 
diameter. Currently, several low cost, prototype pellet sizing designs are being tested. 
PROPELLANT SYSTEMS 
A C02 cleaning system utilizes a pressurized gas stream, under controlled expansion to the local 
surrounding environmental pressure, to accelerate the sublimable media pellets to cleaning velocities. 
The two propellants primarily used in dry ice blasters are compressed air and nitrogen. (Standard 
compressed air and nitrogen propellant supply systems are illustrated in Appendix B, Figures 1 & 2 at the 
end of this report. The equipment comprising either propellant system is largely contingent upon the 
application, its location and level of aggressiveness necessary to perform in that application.) Typically, 
the pressurized gas stream must exceed local surrounding pressure by a minimum of 100 PSIG. The 
volume of propellant used by any C02 cleaning system will be a function of the nozzle configuration (See 
Acceleration Nozzles), the molecular weight and the density of the canier gas at the nozzle restriction. 
Naturally, the pellet exit velocity (and thus cleaning capacity) is a function of the available 
propellant energy as well as the particle ballistics including: size, specific weight and any translation or 
tri-axial rotation. Using a ballistic chronograph, the dry ice pellet velocity fiom the DI-250 blaster 
operating on compressed air at 175 PSIG, 75OF and 40" pressure dew point has been measured. Due to the 
combined effects of non-uniform pellet size, 3dimensional translation and tri-axial rotation of the pellets 
within the delivery hose and nozzle, the pellet velocities range from 350 to 550 feet per second. Clay 
target impregnation testing corroborated the wide dry ice particle energy range suggested by the 200 foot 
per second fluctuation in measured velocity. 
The densities of compressed air and nitrogen throughout the operating pressure range of most 
currently available COz cleaning systems di£fers by approximately 3.5%. Therefore, as has been 
confirmed by testing, a similar difference in volumetric flow rates between the two gasses will be 
encountered, given the same temperature, pressure and nozzle orifice diameter. The propellant properties 
having the greatest effect on cleaning pellet velocity are its pressure and the temperature. Tomco 
Equipment Company has produced a Nitrogen versus Air Propellant Report, In this report, the effects of 
variations in these properties on propellant consumption are investigated (as they relate to dry ice cleaning 
with the Tomco, DI-250 blast unit) in addition to providing readers with alternative system component 
configurations, specifications and general C02 cleaning information. 
. & .  - - 
-  -- 
- - 
In most dry ice cleaning systems there is a temperature differential between the dry ice, which is 
usually manufactured and transported at atmospheric pressure, and the propellant gas. The dry ice 
temperature will be -109.33"F, and the propellant gas will usually be close to ambient temperature. The 
effects of propellant pressure and temperature on dry ice pellet sublimation rates wiwn single hose 
blasting equipment has been investigated. As expected, higher propellant gas temperatures and longer 
delivery hoses will increase the mass of dry ice lost to sublimation within the hose. Losses of 100% are 
possible in some circumstances. As long as the propellant temperature is greater than -109.33"F. a 
quantity of 'dry ice will sublime in the delivery hose. 
Testing results on the DI-250 (See Appendix A) show that the propellant and dry ice mixture 
temperature, as measured at the acceleration nozzle, got colder as the pressure was decreased. This 
indicated an increase in pellet sublimation within the delivery hose as the pressure decreased. Because the 
transport hose diameter was unchanged, this increase was attributed to the longer time the pellets were in 
the delivery hose at the lower pressures. 
The problem of pellet sublimation may be all but eliminated by lowering the propellant gas 
temperature to the dry ice temperature to eliminate the transfer of heat from the propellant gas to the 
cleaning pellets. This may be done by injecting cryogenic, gaseous nitrogen into the propellant supply 
line prior to the insertion of the cleaning pellets. However, operation at this low temperahlre will cost 
more, because a greater quantity of gas will be required to maintain both gas and pellet velocities. In 
addition, the Tomco machine uses a silicone rubber, pellet transport hose that would have to be replaced 
with a (less) flexible stainless hose due to the lower temperature. 
BLASTING EQUIPMENT 
The blasting equipment itself must be capable of storing a quantity of dry ice pellets that will 
allow operation over a period of time without excessive handling of the dry ice media. The duration of 
blasting between pellet refills will be dictated by the location, ambient conditions and by the cleaning 
operation itself. This is where Tomco and some of its competitors diverge in theory of operation. Tomco 
believes that it will benefit the cleaning industry in the long run to separate pellet production and blasting 
equipment. This separation keeps initial capital costs low by allowing small or occasional users to 
purchase blasting units only, without incorporating heavy, cumbersome, pellet exvuding devices that 
require high voltage electrical inputs that make them very unwieldy. Occasional users may then purchase 
the cleaning pellets on an as needed basis from manufacturers near the cleaning location. 
Beyond the pellet storage capacity, blasting equipment must include an apparatus for metering 
and delivering the flow of dry ice to the work surface. C 4  Cleaning machines usually incorporate a 
means for operator control of the inlet propellant pressure, or the dry ice pellet flow, or both. The capacity 
to modulate dry ice flow and propellant pressure allows economical cleaning through a wide range of 
applications from sensitive substrates and light contaminants to extremely tough powdered paint coatings 
with the same piece of equipment. 
TRANSPORT AND ACCELERATION DEVICES 
TRANSPORT METHODS 
Typically, the delivery of pellets to the work surface is accomplished with either a single- or a 
dual-hose system. Currently, it is believed that the singledelivery hose is the configuration of choice for 
more aggressive application requirements, such as paint and hard coating removal processes. Through 
the adaptation of interchangeable components and/or equipment modifications, the single-hose apparatus 
will be capable of performing in the more highly sensitive substrate applications. Most single-hosed 
blasting equipment pellet insertion and modulation apparatus are patented and/or proprietary. The single- 
delivery hose method inserts dry ice cleaning pellets into the high pressure propellant stream within the 
blasting cabinet. This must be done downstream of the propellant throttling valve to eliminate erosion of 
the throttling valve. In addition, the single hose apparatus presents the ideal platform for the addition of 
sublimation reduction components. 
The dual-hose system, on the other hand, dedicates one hose for propellant gas delivery to the 
acceleration nozzle, while the second hose delivers dry ice pellets to the same nozzle. At the nozzle, the 
pellets are drawn into a lower pressure area created behind the expanding propellant stream. The second, 
or pellet delivery, hose may transport the pellets to the nozzle via positive pressure or vacuum induction. 
The vacuum method of two-hose pellet transport necessarily introduces atmospheric moisture to the 
blasting process, which is unwelcome in some applications. 
Beyond the single hose equipment being more aggressive, it also facilitates the option of nearly 
eliminating the sublimation of cleaning pellets within the delivery hose on the path to the acceleration 
nozzle. As cited in the PROPELLANT SYSTEMS section, the sublimation losses will depend on the 
length of the delivery hose, the velocity of the propellant gas, and the temperature difference between the 
dry ice and the gas. Any ancillary sublimation reduction components or systems will require the 
replacement of the standard, highly flexible silicone delivery hose for a less flexible, s taides steel hose. 
While unfortunate for operator ergonomics, it is necessary for safety reasons. 
ACCELERATION NOZZLES 
Once a controllable and reliable means of delivering dry ice pellets and high pressure gas to the 
actual work surface is accomplished, the last item necessary is a means of delivering this solid-gas 
mixture to the work surface over a wide enough area and with dcient energy to remwe contaminants or 
coatings. This requires an acceleration nozzle of sufficient length to allow the velocity of the cleaning 
media to approach the velocity of the expanding carrier gas. Most of these nozzles are interchangeable 
enabling the operator to tailor the pellet's kinetic energy to the specific application. Often, these nozzles 
incorporate bends that ergonomically enhance operator and cleaning system performance. 
Nozzle design is highly proprietary. Frequently, different applications require compromises in 
pellet velocity to provide a convenient, ergonomic nozzle exit angle, length, or width. A nozzle designed 
to work optimally over one range of pressures, temperatures or dry ice flow conditions may be barely 
adequate in others. Therefore, as the range of applications for C@ cleaning expands, nozzle design will 
be one of the most important areas of growth and development. 
An important area of nozzle --- research - is the adaptation of sound attenuating technology to the 
b l a s t i n g p r ~ ~ s .  ~u6entl~,-operatin~ ---- - sound levelsarein exmsof llF@A atdistances less than 6 feet. 
OSHA regulations require an ongoing hearing analysis prog& for workers continually exposed to this 
noise level, in addition to all workers within 200 feet wearing hearing protection. (This assumes 6-hours 
of continuous blasting in an 8-hour day.) 
CONCLUSION 
The current range of applications for dry ice cleaning systems is growing rapidly. Paint removal, 
including epoxies, enamels, acrylics, and lead rich paints, is an area in which C02 cleaning is becoming 
highly cost competitive. -- The - electronic industry is beginning to look toward - dry ice blasting as a means of 
removing flux from e h o n i c  circuit boards. The automotive (and supb-ing) industries are using dry 
ice cleaning iiapplications ranging from the degreasing of engine blocks to -the removal of rubber from 
hot tire molds, to general plant maintenance clean-ups. The nuclear industry is using COz cleaning for 
the decontamination of tools and equipment. Most of these applications produce what the EPA considers 
hazardous waste. With state and federal waste disposal laws becoming more stringent, a reliable 
economical replacement for those cleaning systems that produce more waste than they remove will be 
necessary. 
Current areas of research and development include: the development of acceleration nozzles to 
cover a wide range of applications; research on the effects of dry ice pellet shape, size and density on 
cleaning efficiency; the development of noise attenuation devices; and research on the effects of 
propellant temperature on sublimation rates and cleaning efficiency. The range of applications of C02 
cleaning are expected to grow substantially, with strategic alliances fonning between Tomco, its potential 
customers and engineering 
The Tomco - dry ice cleaning system is highly flexible. With interchangeable nozzle capability, 
(which may be specifically designed for certain coatings, G?bsiiitG and propellant flow ranges -and 
pressures) adjustable media density and flow rates, and a present operating pressure range from 100 to 
350 PSIG, the ~ o m c o  system is the ideal replacement for oIder, and more hazardous chemical and 
abrasive cleaning systems. 
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Abstract 
In a microwave electron cyclotron resonance plasma source, reactive plasmas of oxygen and its 
mixtures of argon have been used for evaluating plasma cleaning technologies. Small aluminum samples 
(0.95 x 1.9 cm) were coated with thin films (5 20 pin in thickness) of Shell Vitrea oil and cleaned with 
reactive plasmas. The discharge parameters, such as gas pressure, magnetic field, substrate biasing, and 
microwave power,.were varied to change cleaning conditions. A mass spectroscopy (or residual gas 
analyzer) was used to monitor the status of plasma cleaning. Mass loss of the samples after plasma cleaning 
was measured to estimate cleaning rates. Measured cleaning rates of low-pressure (0.5-mton) argonloxygen 
plasmas were as high as 2.7 @mia X-ray photoelectron spectroscopy was used to determine cleanliness 
of the sample surfaces. In this paper, sigficant results of the plasma cleaning a~ reported and discussed. 
L INTRODUCTION 
Plasma surface cleaning has been widely used to clean surfaces in fusion energy research, in high- 
energy accelerators, and in materials processing (Refs. 1-4). This cleaning method utilizes radical species 
generated in reactive gas discharges to remove surface contaminants. The energetic species in these 
discharges consist of photons, electrons, ions, and reactive neutral species. Physically, these energetic 
particles attack surfaces to cause sputtering, thermal evaporation, or photodecomposition Chemically, these 
energetic particles dissipate their energy to raise surface temperatures and greatly enhance chemical 
reactions. These impinging particles are generally very hot; for example, 1 eV of energy equivalent to a 
temperature of - 11,600 K. Thus, the hot plasma particles have higher rates of surface cleaning than those 
of thermal reactive gas particles. 
It is well known that reactive oxygen plasmas are very effective for removing organic 
contaminants from surfaces. Recently, we developed a microwave electron cyclotron resonance (ECR) 
plasma source to generate reactive species of oxygen for plasma etching on silicon wafers (5). The plasma 
density and its distribution could be varied by the source p m e t e r s  including source magnetic fields, 
sample bias potentials, and gas pressures. Typical low-pressure (5 I-mtorr) discharges can produce uniform 
plasmas having electron densities of -1 x 10" and electron temperatures of 2 to 5 eV. Using this 
source, we have prepared a microwave piasma cleaning apparatus for removing organic coMaminants (6). 
By controlling gas pressure, applied power, and other discharge parameters of this apparatus, we have 
evaluated plasma cleaning technologies for performing darnage-free cleaning on oil film contaminated 
surfaces of finished workpieces. Such plasma cleaning technologies are being developed for replacing 
conventional solvent cleaning. In this paper, we describe the plasma cleaning apparatus, and preliminary 
results of plasma cleaning on small samples coated with a thin oil film. The significant results using 
reactive plasmas of oxygen and argodoxygen mixture are then further discussed. 
IL PLASMA CLEANING APPARATUS 
Figure 1 shows main components of the microwave plasma cleaning apparatus being used for 
evaluating advanced cleaning technologies. These components are the microwave plasma source, a vacuum 
chamber, and a turbomolecular pump. The vacuum chamber is mounted under a supporting frame. Tbe 
microwave plasma s o m e  is mounted on the top of the vacuum chamber. The tubmolecular pump is 
instaIIed beside the vacuum chamber and has a pumping speedif - 400 U s  for @. @stalled in the vacuum 
chamber is an rf feedthrough on which a sample holder is fastened. The sample holder is at tbe down 
stream end of the plasma source. The source pressure is measured by a capacitance manometer (MKS 
Baratron Qpe 170M-6C) on the top flange of the source, and the pressure in the vacuum chamber is 
measured by an ionization gauge on the side port. Achievable base pressures are often below 1 x 10" ton. 
A throughput control valve on the turbomolecular pump regulates the pumping speed. The working gas is 
fed continuously into the plasma source, and the gas flow rate is measured by a flowmeter. Both the 
pumping speed and the flow rate a~ used to adjust the source p~ssure. 
- 
Other supporting equipment (not shown in Fig. 1) are electrical supplies, electronics equipment, 
and a water-cooling system. The outputs of these Gpplies are adjustabE. The 1500-W microwave 
(2.45-GHz) supply is used for creating plasmas. The 200-W radio frequency@, 13.56-MHz) suppi is used 
to provide a negative bias potential to the sample holder. Sometimes, the 400-V dc supply is used for 
providing a negative bias potential. Two low-voltage supplies (respectively rated at 500 and 40 A) are used 
to provide exciting currents to a source coil (or magnet) and an enhancing magnet for controlling plasma 
properties and cleaning conditions. 
Both the bias potential of the sample holder and the enhancing magnetic field can provide a 
flexibility in controlling plasma density distributions ( ~ ~ 6 ) . ~ e p l & m i  density adjacent to & sampIe 
holder tends to be higher for the case with the negative bias potential and lower for the positive bias holder. 
However, when the source coil and the enhancing magnet have the opposite polarity, the magi&~ ~ c u s p  
fields so formed can improve confinement of plasma particles. Thus, the-pl&ma densitfand -dormity do 
not vary significantly with the bias potential of the sample holder. With the flexibility of varying plasma 
density and ion energy, this plasma cleaning apparatus is suitable for evaluating plasma cleaning 
tec hnologes. 
- 
IIL PLASMA CLEANING 
III. 1 Sample Preparation 
Plasma cleaning technologies have been evaluated by using reactive plasmas of pure oxygen 
andlor mixtures with argon to remove oil films on small test samples (0.95 x 1.91 em) made of aluminum 
606 1. Each test sample was prepared by cleaning the top surfaces with alcohol spray, drying with an air jet, 
and then coating with a thin film of Shell Vitrea oil. Some bare samples were polished to achieve a mimr 
surface (- 0.5-pm flatness) and then ultrasonically cleaned. The mass of the oil film on each test sample 
was measured by weighing the sample before and after oil coating. With a density of 865 mg/cm3, the 
typical thickness of a I-mg oil film is - 6 p.m. The test sample with oil film was then placed on the center 
of the sample holder for phma cleaning. 
- - -  
. - - - -  
III.2 Operating Conditio-ns 
The plasma cleanings were conducted by using pulsed microwave plasmas while the working gas 
was fed continuously. The pulsed microwave plasmas were usually created by applying boa a pulsed 
exciting current to the source coil and a pulsed microwave power to the plasma s o m e  simultaneously. The 
nominal pulse width was set to be 1 s at a duty factor of 10%. The pulsed rf power was adjusted to provide 
a desired negative bias potential to the sample. During plasma cleaning, the current density of theplasma 
was measured by using a Langrnuir probe. Other operating parameters-such as gas pressure, gas flow rate, 
microwave power, magnet current, sample-bias potential, and operating time (or accumulated plasma 
exposure time )-were also recorded. Signal amplitude changes of carbon monoxide (CO) of a mass 
spectrometer, a UTI Model lOOC residual gas analyzer (RGA). were recorded for each sample being 
plasma cleaned. After plasma cleaning, the mass loss of each sample was measured. Subsequently, test 
sample surfaces were studied for cleanliness by using X-ray photoelectron spectroscopy W S )  analysis. 
1 . 3  Preliminary Results 
We have conducted a plasma cleaning study on 56 small samples (6). helirninaxy results reveal 
that the microwave plasma cleaning works well for samples coated with oil films with thickness 
approaching 20 pm. The reactive plasmas of oxygen or oxygenlargon were created in low-pressure 
(ranging from 0.3- to 5-mtom) microwave discharges. During plasma cleaning, the samples were biased 
negatively either by using the rf or the dc supply. Table 1 lists some cleaning parameters for 11 plasma- 
cleaned samples, part of the 56 samples. The column "oil mass" is the mass of oil film coated on sample 
surfaces, and the column "mass loss" is the mass removed by the plasma cleaning. The estimated film 
removed during the operating @lasma+n) time is used to calculate the average cleaning rate. Significant 
results of these 11 samples are summarized below. 
1. The first six samples with a negative dc bias potential ranging from 0 to 100 V were cleaned by 
oxygen plasmas at a source pressure of - 0.5 mtorr. The surfaces of sample 92-51 with -100-V 
biasing were cIeaned but damaged with etched spots. 
2. The last five samples were cleaned by oxygen plasmas at a source pressure of 5 mtom. Samples 
92-73 and -74 (with negative dc bias) were not completely cleaned. Instead, the residue of oil 
films became plastic materials. However, oil films of the last three samples with negative rf bias 
were cleaned up. No visual residue on the sample surfaces was observed. 
These features imply that energy and flux of plasma ions can play a dominant role in the plasma 
cleaning. The reactive oxygen plasmas created in low-pressure (0.5-mtorr) discharges were found to be 
very effective in cleaning samples coated thin oil films, as described in item 1 above. With a negatively 
biasing (dc or rf) potential to the sample, plasma ions can be accelerated to high energies. Such energetic 
ion bombardment on sample surfaces enhances chemical reactions between hydrocarbon molecules and 
plasma particles, leading to decomposition and vaporization of the oil film in the form of a volatile gas 
effluent. Plasma cleaning rate increases with the current density and the energy of impinging ions, which 
increases proportional with the negative bias potential. Thus, the average cleaning rate increases with tbe rf 
bias potential as shown in Fig. 2. 
However, the different effects of dc and rf biasing as mentioned in item 2 above may be 
influenced by insulated particles produced in plasmas. Oxygen plasmas at 5 mtorr may produce some 
insulated particles and deposit them on the sample surfaces. In this case, owing to the dielectric property of 
these particles, the applied dc voltage cannot establish an electric field in the plasma sheath to accelerate 
ions. This will lower kinetic energy of ions and slow down plasma cleaning rates. Consequently, the 
oxygen plasmas cannot clean up oil films on Samples 92-73 and -74 that were dc biased. But, the insulated 
particles cannot prevent the applied rf voltage from establishing an electric field in the plasma sheath to 
accelerate plasma ions. Thus, the plasma ions impinge on the rf biased samples at an energy equivalent to 
the bias potential. Consequently, in Table 1, the last three samples with rfbiasing were cleaned up at higher 
rates. Following the above discussions, we conclude that energetic ions in oxygen plasmas are the dominard 
reactive particles for cleaning surfaces with oil film contaminants. 
III.4 RGA Signal 
With oxygen plasma cleaning, the dominant species of the gaseous effluent measured by the mass 
spectrometer (or RGA) are Hz, 0. OH. HzO, CO, 02. and C& These volatile gas molecules are produced 
by chemical reactions of bombarding oxygen plasma particles and hydroc;ubon molecules in the oil film on 
sample surfaces. One of the dominant effluent gas signals, carbon monoxide (CO), changes greatly during 
each pulsed discharge. Figwe 3 shows the amplitude changes of mass 28 peak of CO for a sample that has 
been cleaned under a sequence of pulsed discharges. At the beginning of the sequence, the amplitude of the 
mass 28 increased rapidly to a maximum, then decreased slowly. At the end of the sequence, the amplitude 
of the mass 28 decreased slightly during the pulsed discharge. For this type of plasma cleaning, the 
waveform of mass 28 (or CO) signal closely correlates to the cleanliness of the sample surfaces. Thus, the 
waveform of CO signal was used for recording the history of plasma cleaning and for indicating the end 
point of the cleaning (6). 
111.5 XPS Analysis 
To verify surface cleanliness of plasma cleaned samples, X-ray photaelectron spectroscopy (XPS) 
has been used. The XPS survey analyzes the surface composition of the top 40-A surface layer. With a 
sample size of 9.5 x 19.1 mm, the 0.8-mrn spot m e y  on a representative surface area to perform 
quantitative analysis of surface composition The ratio of cart>on-to-aluminum concentration measured by 
the XPS analysis is denoted by UAl. In Table 1, the sample is considered clean if its value of C/AI ratio is 
below the average value of 1.15 that is measured for bare control samples. Befer to the row "Control 
mean" in Table 2 .) Similarly, the oxide layer is thinned down by plasmas, if the value of O/Al ratio is 
below 3.34 of the bare control samples. In Table 1 the surfaces of unsuccessllly cleaned samples 92-73 
and -74 have UAl ratios to be 10's to 100's times higher than 1.15. 
Table 2 shows the surface composition measured by the XPS analysis of three bare samples-and 
their plasmacleaned samples. The alloy composition of the bare samples is 98% Al, 0.8 to 1.2% M& 0.4 to 
0.8% Si, 0.2% Cr, and 0.3% Cu. This table also lists the composition of analyzed bare samples as Control 
in the rows 92-50-CON, -72-CON, and -100CON and their mean in the row "Control mean" The average 
composition of these control samples is 17.2% Al, 57.5% 0, 19.8% C, 0% Mg, 0.7% Ca, 0.9?! Si, 0% Cy 
0% Ag, 3.2% P, and 0% Cr. The average surface composition of plasma cleamd samples 92-50, -72, and 
-100 (or "Sample mean) listed is 22.1% Al, 48.6% 0, 25.7% C, 1.9% Mg, 0.1% Ca, 0.4% Si, 0.6% Cu, 
0.1% Ag, 0% P, and 0% Cr. Comparing the values in the rows "Sample mean," "Control mean," and "BuIk 
alloy,w we highlight the following simcant points. 
1. The surface of these control samples was covered with a thin oxide layer with impurities of carbon 
and others. In fact, the XPS survey did not detect the elements Mg, Cy and Cr of the bulk alloy. 
2. The surfaces of plasma cleaned samples received fewer impurities than those of tbe control bare 
samples. For example, compared to its own control bare sample, the plasma cleaned samples 
92 50, -72, and -100 had higher Al atomic concentration, lower O/Al ratio, and lower C/AI ratio 
(except Sample 92-100). 
3. The great decrease of impurities Ca, Si, and P on plasma cleaned samples indicated that the 
impurities on the bare-sample surfaces were removed by oxygen plasmas. The presence of 
magnesium on the plasma cleaned samples indicated that the surface layer was partially removed. 
Preliminary results reveal that reactive plasma cleaning using a microwave ECR soufce works 
well for test samples coated with Shell Vitrea oil films with thicknesses approaching 20 pm, In low- 
pressure (ranging from 0.3- to 5-mtorr) discharges, reactive plasmas have been created and powered by 
microwave energies. The fifty-six small, flat aluminum samples have been piasma cleaned, and their 
surface cleanliness has been confirmed by the XPS. Significant resuits are sun ' d below (6). 
1. The dominant cleaning particles in oxygen and argonloxygen plasmas are energetic ions. 
2. Argodoxygen plasmas have cleaning rates 2 to 3 times higher than thoeof oxygen plasmas. 
3. The cleaning rates of oxygen/3O?/~on plasmas can be as high as 2.7 pn/min 
4. For thick oil films (- 20 pm), only samples with rf biasing can be effectively cleaned in high- 
pressure (- 5-mtorr oxygen) plasmas, but samples with dc biasing cannot 
5.  Samples with -200-V rf biasing can be cleaned without etch damage, but samples with -75-V dc 
biasing tend to have etch damage on sample surfaces. 
6. The XPS analysis for measuring relative concentration of aluminum, c h n ,  and oxygen on 
sample surfaces confirmed that the surfaces of plasma cleaned samples can be cleaner than the 
surfaces of control bare samples. 
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Fig. 1 .  A plasma cleaning apparatus including a plasma source, sample holder, vacuum 
chamber, and vacuum system. 
Fig. 2. The change of average cleaning rate as a function of rfbias potential to the sample 
holder. 
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NON-CFC CLEANING SOLVENTS, PROCESSES 
AND PARAMETERS 1 

AQUEOUS CLEANING AND VERIFICATION PROCESSES FOR 
PRECISION CLEANING OF SMALL PARTS 
BY 
Gale J. Allen 
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Kennedy Space Center, Florida 32899 
Kenneth A. Fishell 
Wdtecb of Florida Corp., Inc. 
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ABSTRACT 
The National Aeronautics and Space Administration (NASA), Kennedy Space Center (KSC) 
Materials Science Laboratory (MSL) has developed a totally aqueous process for precision cleaning and 
verification of small components. In 1990 the Precision Cleaning Facility at KSC used approximately 
228,000 kg (500,000 lbs) of chlomfluorocarbon (cFC) 113 in the cleaning operations. It is estimated that 
current CFC 113 usage has been reduced by 75% and it is projected that a 90% reduction will be 
achieved by the end of calendar year 1994. 
The cleaning pmcess developed utilizes aqueous degreasers, aqueous surfactants, and ultrasonics 
in the cleaning operation and an aqueous stnfactant, ultrasonics, and Total Organic Carbon Analyzer 
("I'OCA) in the nonvolatile residue (NVR) and particulate analysis for verification of cleanliness. The 
cleaning and verification process will be presented in its entirety, with comparison to the CFC 113 
cleaning and verification process, including economic and labor costs/savings. 
INTRODUCTION 
In 1991, NASA set forth a mandate to begin the reduction and eventual phase-out of all use of 
CFCs at their centers by the year 1995. Precision cleaning and surface wipe down accounts for 
approximately 80% of C K  use at KSC, Florida and is considered an integd player in the processing of 
shuttle hardware and ground support equipment. 
The Component Refurbiient and Qlemical Analysis Laboratory (CRCA) located at KSC 
supplies decontamination, cleaning, and refurbishment services to most all the direct NASA contractors 
at the center. The CRCA is a high volume precision cleaning facility which receives approximately 120 
work tasks per day. 'Ihese work tasks represent configurations ranging from the smallest nut or screw to 
the largest 18" pneumatically controlled butterfly valve. The components, as they process through the 
facility, are reduced to their smallest piece part and represent over 1 1,000 individual pieces per day or 
approximately 250,000 piece parts a month. 
The NASA Materials Science Laboratory and Wiltech of Florida Carp., Inc., the contractor 
which operates the KSC CRCA facility, have been warking together to implement a total aqueous 
process for precision cleaning and vaiflcation of small parts as an alternative to the current CFC 113 
p i s i o n  cleaning process used to clean aerospace hardware. It is believed that aqueous cleaning, if 
controlled and managed correctly, is the most desirable process to use. It is non-toxic, non-flammable, 
recyclable, and inexpensive. 
ROUGH CLEANING 
Components or hardware to be precision cleaned are brought to the CRCA by the many 
contractor customers at KSC in support of an array of aerospace support and launch activities. The 
components, when received from the customer, are routed to the rough clean and disassembly areas. 
They are reduced to the smallest piece part possible and readied for surface degreasing. Degreasing is 
the first step of the cleaning process. It is considered by many to be the most important use of CFC 113 
in the precision cleaning process at CRCA. AU fluorocarbon and hydrocarbon greases and oil films must 
be removed prior to chemical conditioning. Any oil or grease contamination could block the chemical 
surface conditioning and ultimately be suspect as the source of failure during the NVR analysis, 
(Kennedy, 1994). 
The degreasing step of the CRCA rough cleaning k e s s  is shown in the flow process diagram 
of Figure 1. The degreasing process lowers parts into a typical vapor &greaser using CFC 113 as the 
degreasing medium as shown in Figure 2. 
F i  1 
Rough Cleaning Row Process 
- - 
- -  
Component 
Disassembly 
Figan2 
Equipment and Solvent Specifiiations are: 
Tank Size: 132" x 6" 
Solvent Volume: 21 0 Gallons 
Solvent: CFC 1 13 
Work Area: 125" x 30" 
Temperature of Solvent: 1 10 f 5 OF 
Condensing Coil Medium: Chilled Water 
The parts remain in the solvent vapor until their surface temperahue stabilizes at 110 f 5 OF, or 
apProximatel~ ten minutes. Any stubborn Lntaminants are removed by dispersing the soIvent through a 
pumping system and directing it to the part. 
- - 
Often, after the parts where removed from the vapor degreaser, inspection revealed that 
fluon>carbon grease contamination remained. To remove this contamination, the parts are either brushed 
using a soft bristle brush with a surfactant and water or washed using a hand held pressurized hydro-wash 
wand. The removal of all visual contaminants an the parts prim to enay into the chemical cleaning 
process generally wamnts a smooth flow Mn,ugh the remaining cleaning process. 
To eiiminate vapor degreasing and CFC 113 during the cough cleaning pmcess. a system of 
equipment and nonionic aqueous surfactants has been developed and is currently being phased into daily 
production This system employs several pieces of equipment using ularsonics, high pressure, high 
volume aqueous agitation, GN2 agitation and hand wand spraying, (Kennedy, 1994). 
The aqueous degreasing steps of the rough cleaning pn>cess are shown in the flow process 
diagram of Figure 3. 
Fisnre3 
Rough Cleaning Elow Process 
Aqueous degreasing begins with gross cleaning parts washing shown in Figure 4. This parts 
washer is required to remove gross contamination prim to entering the primary process degmser, System 
A. This equipment is top loading to pmvide the most efficient access possible for the various size parts 
and production personnel. An overhead hoist provides the lifting capability for parts weighing up to 200 
lbs. Three tiers of spray manifolds are available for the many different sized parts. These various levels 
of spray manifolds are adjustable to accommodate the many different heights. In addition, a rotating 
turntable rotates the parts during the wash and rinse cycles at a rate of three revelations per minute 
resulting in approximately 95-10096 contaminate removal efficiency. 
- 4  
Equipment and Solution Specifications 
Equipment Foot Print 4' x 4' x 6' 
Work Access: Top Loading 
Tank Capacity: 30 Gallons 
Surfactant Bruh 1990 GD 
@ 3% 
Operating Temperam: 150 f 10 OF 
Func t i w .  Timer 
Cycles: Wash and Rinse 
Operating Pressure: 400 f 50 PSIG 
WorkingArea: 3'x3'x3' 
If inspection of the parts reveals a visual absence of contaminants, the parts are placed in the 
primary process degreaser, System A, shown in Figure 5. This degreaser is the main workhorse in 
removing con taminants that play a negative part in achieving precision clean hardware. It is a single tank 
cabinetized ultrasonic cleaning system. The primary functions of the unit include: ultrasonic cleaning, 
agitation of parts, f11tration of chemical solution, heating of cleaning solution, hand spraying of parts and 
GN2 filter element processing. Ultrasonics, parts agitation and the nitrogen processing can be operated 
in an automated mode & well as manually. Parts processing for this unit is accomplished by the use of 
removable cradle futures which are supported inside the tank. The degreaser unit also contains a remote 
generator station for h e  ultrasonics. 
- 
Figure 5 
Equipment and Solvent Specifications 
Equipment Foot Print 113" x 54" x 54" 
wbrk &a 65" x 36" 
W X  Access: Top Loading 
Tank Capacity: 260 Gallons 
Surfactant: Brulin 8 15 GD @ 
Operating Temperature: 150 It 10 OF 
Functions: Agitation 
~&ircuhtion 
GN2 Injection 
Ultrasonics 
Electrical: 480 VAC, 30,O Hz, 90 
AlMPS 
Filtration: 5 Micpon Absolute 
Cottun String - 
P o G B a g  
Ultrasonic Power. 9600 Watts @ 27 
KHz 
Average Ultrasonic 
Process Time: 10 Minutes 
- - 
In this placed into special agitation racks. These racks are support 
fixtures that position the parts approximately eight to ten inches from the ultrasonic devices. They 
provide upper and lower agitation spray manifolds to assist the removal of remaining conpinants. 
Unce the wntaminants3re ri5rGve.d and into solution, they are cEiti5ElthrougKthe  on system 
wkE3fky are removed to help maintain clean solutions. The control panel cmists ofrow %parate 
timed systems: T) he astation system, 2) the u l W c  system, 3) the GN2 injection system, and 4) the 
reclIrcufrition system. 
--- - 
At the &d of the-pihry &greasing effort, the parts are immediately removed and placed into 
th , System B, &own i n F i e  6. The phary  p r 6 s  rinse is amo tank 
cabineW ubGonic rinse system. The fmt tank is a manually operated rinse spray water deluge tank. 
med-mas&tatus --a with fo-nO-~=g8=ftiO-ns~-d~c rinsi*-g;=&t-Gtion of parts, 
filtration of rinse water and hand spraying of parts. The ultrasonics as well'as the agitation can be 
operated manually or automatically. Parts processing for this unit is accomplished by the use of 
removable cradles fixtures which are supported inside the tank. The rinse unit also contains a remote 
generator station for the ultrasonics. 
Figare 6 
Equipment and Solution Spedicatiws 
Equipment Foot Print: 126" x 54" x 54" 
WorkArea: 54"x36"x2OW 
Work Access: Top Loading 
Tank Capacity: 2H Gallons 
Solutim DI Water 
Operating Temperature: 140 f 10 O F  
Functions: Agitation 
Recirculation 
Ulmonics 
Electrical: 480 VAC, 30.60 Hz, 45 
Amps 
Fdtration: 5 Micron Absolute 
Cotton Saing 
Ultrasonic Power 7200 Watts @ 40 
KHz 
Average Ulaasonic 
Processing Time: 5 Minutes 
As the parts are removed from the primary process &greaser, System A, they are immediately 
placed in a multi-manifold DI water spray rinse for approximately 30 seconds to remove any surfactant 
solutions fiom basket and parts. This is done to prevent any fast drying of c o n e t s  when parts are 
removed from the previous 150 OF degreaset bath 
The parts are then placed in agitation mks like those instaUed in the primary process &greaser, 
System A. The parts are rinsed under agitation and ultrasonic conditions for five minutes. 
Unlike the primary &greaser, fie& hot water enteas the main tank through a five m i m  filter 
system and exits the tank over an open weir to drain. 
The control panel is much like the primary pmcess &greaser, System A, in that it umsists of 
t h e  separate timed systems: 1) the agitation system, 2) the ultrasonic system, and 3) the recirculation 
system. 
The parts are removed from the primary process rinse. System B, and placed into one of the 
various chemical baths required for the various materials and their surface conditioning for removal of 
oxides and &ace passivation. They are then rinsed with copious amounts of hot deionized water until a 
neutral pH between 6.0 - 8.0 is reached. Before the parts are allowed to dry. they are placed into the 
secondary PIKMXSS &greaser, System C, shown in Figure 7. This removes any contaminants received 
during the chemical cleaning baths. 
Figure 7 
Equipment and Solntion SpeciTitioas 
Equipment Foot Print: 
Working Area: 
Wash Tank: 
Rinse Tank: 
- ~o*kccess: 
Tank Capacity: 
Wash Tank 
Rinse Tank 
Operating Temperature: 
Functions: 
Surfactant: 
78" x 28" 
60"xW 
Top Loading 
160 Gallons 
120 Gallons 
140 f 10 OF 
Recirculation 
~ ~ ~ ~ S O N C S  
Dupont Zonyl FSN 
Electrical: 
Filtration: 
Ultrasonic Power: 
Wash Tank: 
Rinse Tank: 
Average Ultrasonic 
Process Time: 
Wash Tank: 
Rinse Tank; 
480 VAC, 30,60 Hz, 
70 Amps 
5 Micron Absolute 
Cotton String 
Po- Bag 
4800 Watts @ 40 KHz 
3600 Watts @ 40 KHz 
5 Minutes 
5 Minutes 
- - 
- _   
The secondary process degreaser is a two tagk cabbietized and rinse system. 
The cleaning tank functions include: ultrasonic cleaning, heating~ffs_ol~n,fil-gation - - of wash solution 
and hand spraying of parts. The rinse tank functions include: ultras& rinsing and an overflow rinse to 
drain. Ultrasonics in the wash rinse tanks can be operated in a ual mode. 
_ - 
-- - - 
In this final degreasing process, the parts are placed into amfactant and deionized water bath. 
They are ultrasonicated for a period of five &uks%~d then placed irnmdhitely into the rinse tank and 
ultrasonically processed for five minutes. After the final rinse, the parts are removed and prepared for 
cleanroom entry for particulate validation and NVR verification 
- 
VERIFICATION 
- 
- 
. .  I _  h - 
-_ - -- _ - 
" = "  - - -  
- - 
_ _ --- - 
- - 
- _ L L  
.- 
The ~&rent methods for verifying cleanlkess are a grav%ietric procedure using CFC 113 to 
measure .- nonvolatile .- - . residue . . . - . . and - . -. micn>sco@cparticulate - measurement using a griddedflter. Alternatives 
--- 7- - - _- - - _ - 
include other organ& solvents such a s H p C ~ ,  _spectroscopic @r6ace<X~t ion ,  a@ water. Water was 
chosen as the desirable verification solvent. The major drawback to water &been the gik-of an 
establish& procedure for NVR and the issue of drying components after completion of thZ: cleaning and 
verification process. KSC has concentrated on developing an aqueous NVR procedure that cau be used 
for small component verification. The two major issues to resolve if water were to be used in a 
verification process was the method of removal of any remaining NVR and particulate from the 
components the technique to use to measure the NVR and particulate removed. 
Ultrasonics has been well documented as a successful method for the removal of surface 
contamination, (Kuttruff, 1991). Extensive evaluations were conducted to detemhe its applicability to 
NVR removal. These included the effectiveness of removal of low level surface contamination by 
selected materials, optimum fkequencies and rn- to be used, and the potential effects of 
ultrasonic cavitation on metallic and nonmetallic surfaces, (Mehm, 1992). Extensive experimentation 
concluded that 25 kilohertz frequencies and 52 degree Celcius water t e m p e m  were the best 
combination for maximum NVR removal, (Bryan and Gebert-Thompson, 1992). 
Several analytical techniques were evaluated and the Total Organic Carbon Analyzer CMX]A) 
was selected as the technique of choice for detection of NVR. Through experimentation it was 
determined that the Total Organic Carbon Analyzer (TOCA) was the easiest and most repeatable and 
reliable of all analytical methods evaluated. 
The cleaned components are rinsed with deionized water and ultrasonicated at 25 kilohertz for 
five minutes in 52 degree Cehsius deionized water. Two hundred microliters of the water are injected 
into a high temperature (880 C) combustion chamber and any carbon is converted to carbon dioxide 
using high purity oxygen. Carbon dioxide is then measured using an infrared detector, (Men, 1994). 
2 A relationship between milligrams of NVR per 0.09 m of surface area to total carbon was 
formulated using: 
mg NVR ('Kc TC#ml of water used) 
where: 
TC = Total carbon of sample 
- Total carbon in water blank 5~ = normah& value for TOCA sensitivity factor 
0.64 ppm/ing = weighted average TOCA response to materials evaluated 
The components are then analyzed for particulate using a 25 ppm mix- of Zonylm FSN and 
deionized water. (Clausen, 1994). Zonylm FSN is a nonionizing surfactant manufactured by Dupont. It 
is l4uid oxygen (LOX) compatible and simply reduces the surface tension of water from 7 1 dynes per 
centimeter to approximately 34 dynes per centimeter. This allows complete wetting of the component 
surfaces and results in particulate analyses using the Zonylw/water mixture which correlate well with the 
CFC 113 particulate analysis. The final step in the aqueous method of measining particulate is similar to 
the CFC 113 method since the samples are agitated in the Zonylm water mixture and the mixture is then 
filtered through a gridded filter where the particulate retained on the filter pad is counted 
microscopically. 
This aqueous system is in use at Kennedy Space Center and is working well. It has been noted 
that handling of the components through out the new process is much more critical than the (JPC 113 
process. The components must be completely clean prior to entering the clean room for veritication and 
handled very carefully to avoid recontamination In the prior process there was a final cleaning step after 
the components had been moved into the clean room. Figure 8 shows the sequence of the aqueous 
verification process. 
Figure 8 
Aqueous Verifiiation Process 
Particulate DI H 0 
count Ride 
A 
It has been estimated that ---- the - process - time will be lengthened by .,-- abut35-percent - - - -  to 45 percent. 
This is not contact timesince most of the process time is7& uI*nEs whch @s not - have -- to be 
attended. It is felt that some of the ultrasonic times may be decreased as the process is further evaluated 
and improved. f i e  process itself is extremely econzTali Table-l suhnadiki the wsts inioIving the 
use CFC 113 as a cleaning and verification solvent and Table . - 2 shows the costs associated with the 
solvents utilized new aqueous process. 
Table 1. CFC 113 Eronomic Analysis 
- I 
-) 
I Current Consumption 1 I 50,000 1 $ 437500 1 
Agitation 
In zonylm + 
TOC 
NVR 
Ultrasonic 
5 Minutes 
Year 
1984 
1994 
Table 2. Aqueous Process Economic Analysis 
ZonYln" 
Impingement + 
CONCLUSION 
- . -- 
- 
.- - 
The NASA, Kennedy Space Cenkr and Wiltech Corporation have developed a totally aqueous 
based process for the cleaning and verification of small compon9. These components can be either 
metallic or nonmetallic but are limited in size to and mass to 0.09 meters orapprox5ately 2500 grams 
respectively. The new aqueous method does extend the overall process time but is very economical from 
a cost of materials standpoint. The verification technology is currently un&r evaluation for large 
components utilizing impingement via an airfwater supersonic nozzle as the mechanical means for NVR 
removal. 
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ULTRASONIC FREQUENCY SELECTION FOR AQUEOUS FINE CLEANING 
BY 
J O ~ M  F. Becker 
Rocketdyne Div. of Rockwell Aerospace 
Canoga Park, CA 91309 
Abstract 
A study was conducted to evaluate ultrasonic cleaning systems for precision cleaning 
effectiveness for oxygen service hardware. This evaluation was specific for Rocketdyne Div. of Rockwell 
Aerospace alloys and machining soils. Machining lubricants and hydraulic fluid were applied as soils to 
standardized complex test specimens designed to simulate typical hardware. The study consisted of tests 
which included 20, 25, 30,40,50, and 65 kHz ultrasonic cleaning systems. Two size categories of 
cleaning systems were evaluated, 3- to 10-gal laboratory size tanks and 35- to 320-gal industrial size tanks. 
The system properties of cavitation; frequency B. cleaning effectiveness; the two types of transducers; and 
the power level of the system u. size of the cleaning tank were investigated. The data obtained from this 
study was used to select the ultrasonic tanks for the aqueous fine clean facility installed at Rocketdyne. 
INTRODUCTION 
The technique to preclean and fine clean Rocketdy ne hardware includes the use of 1,1,1- 
trichloroethane (TCA), an ozone depleting chemical that will be banned as of 12/31/95. Rocketdyne is 
committed to using aqueous cleaning techniques to replace the majority of the cleaning processes in order 
to minimize environmental impact. 
The use of TCA provides a very effective cleaning which is achieved mainly through chemical 
action and relies very little on mechanical action. To change to aqueous cleaning techniques requires that 
the majority of the cleaning be achieved through mechanical action as the effectiveness of the chemical 
action is greatly reduced with aqueous cleaning agents. The mechanical technique selected for the fine 
cleaning process was ultrasonic cavitation. The selection of ultrasonic cleaning for aqueous fine cleaning 
was influenced by the work performed by IBM General Products Division, San Jose, CA;[1,2] Aerojet, 
Sacramento, CA; Newark Air Force Base, Ohio;[3] and NASA Kennedy Space Center, Florida.[4] 
A study was conducted to select the most effective ultrasonic cleaning system for the fine cleaning 
requirements at Rocketdyne. Each manufacturing environment is unique for the hardware alloys and soils 
generated. From the results of previous studies, it was determined that the ultrasonic fine cleaning process 
was to include a three-step cleaning process. In addition, this study evaluated the possibility of enhanced 
cleaning capability by varying the frequency within the steps of the cleaning process. The theory reported 
by D. H. McQueen suggested that cleaning with low ultrasonic frequencies were more effective in 
removing large deposits of contamination and higher frequencies were more effective in removing 
microlayers of hydrocarbons.[~ 
For the purpose of this study, low ultrasonic frequency is defined as 20,25, and 30 kHz and high 
frequency is defined as 40, 50, and 65 kHz. This range of frequencies was limited due to the availability of 
equipment for industrial size cIeaning systems. The equipment manufacturers offer cleaning systems 
which differ in frequencies, types of transducers and levels of power. The selection of equipment for the 
Rocketdyne facility was based on comparing the cleaning effectiveness of system combinations that were 
available at the time of this study. 
BACKGROUND 
There were several properties associated with ultrasonic cleaning that Rocketdyne found 
necessary to learn in detail in order to effectively discuss the various aspects of the ultrasonic cleaning 
equipment. These properties were the phenomenon of cavitation, the frequencies available, the types of 
transducers, and the power levels required. 
Ultrasonic Cavitation 
Cavitation is the mechanism by which ultrasonic tank systems clean. Cavitation is defined as the 
formation and collapse of vapor bubbles inliquids by means of a mechanical force. In ultrasonic cleaning, 
the mechanical force is the sound wave. Sound waves are longitudinal mechanical waves that can be 
transmiitea through solids, liquids, orgases Thereis a large range of frequencies in which these waves 
can be generated. The human hearing range is fiom about 20 cycIes/sec to about 2UT000 cycles/sec. 
Ultrasonic waves are sound waves above 16,000 cycles/sec (16 kHz).[6,7] 
A sound wave is transmitted through a Iiquid producing a series of compressions and rarefactions. 
The compression zone in a half-cycle of the sound wave exerts a positive pressure on the moIecules of the 
Iiquid and pushes them together. The rarefaction zone in the other halfcycle of the sound wave exerts a 
negative pressure which pulls the molecules away from each other.[q The force in this latter half-cycle 
win form a cavity when the negative pressure generated is great enough to overcome the surface tension 
(tensile strength) of the liquid. The ideal cavity is the generation of a vacuum bubble. In the negative 
-- - 
pressure zone of the sound wave, a drop in pressure reduces the boiling point of the liquid creating a vapor 
bubble. This vapor recondenses to liquid as a result of an increase in pressure due to the positive pressure 
zone created in the other half-cycle of the sound wave creating a vacuum bubble. When the bubble grows 
large enough, it implodes with great violence producing liquid jets and shock waves, minute areas of 
extremely high temperature (about 5000R) and very high pressures.[7,8] 
The size of the cavitation bubble is dependent on the frequency of the sound wave, the higher the 
frequency, the smaller the size of the bubble. The relationship of the size of the cavitation bubble to 
frequency under normal atmospheric pressure was roughly given by D. H. McQueen: 
Q = 3i)O/f, 
where is the equilibrium bubble radius in cm and f is the frequency in Hz.[q This relationship is a 
simplified version of the derivation presented by Noltingk and Neppiras for the relationships for cavitation 
bubble - -- dynamics.[9] -- For an ultrasonic cleaning system that is 20 k ~ z , t h e  cavitation bubble size is about 
150 -A- um; - -  for 40 kHz, the bubble size is about 75 um. The lower frequencies produce larger cavitation 
bu66Tes which have a greater implosion energy, as it requires more workto generate the larger bubble.[lO] 
Neppiras has reported that not only does the cavitation intensity increase with reduced frequency, but also 
the cavitation threshold is decreased.[ll] 
The volume concentration of the cavitation bubbles can be increased by increasing the amplitude 
or intensity of the sound wave until the density of bubbles reaches a self-limiting state. This state is known 
-- 
as unloading. This condition is a result of the fact that sound is transmitted from one medium to another 
only when the densities of the two media are similar. The density difference between air and water is too 
great for the transmission of sound from one to the other. Therefore, if a layer of cavitation bubbles 
becomes too concentrated at the surface of the radiating plate the sound wave is prevented from 
propagating due to the barrier the cavitation bubbles create. The density between water and metals is close 
enough that the transmission of sound waves between these two media is effective, which is why this 
cleaning technique is so useful.[lO] 
C a v i t a t i o n m a g .  As was stated above, the frequency of the sound wave determines the size of 
the cavitation bubble and the resultant implosion forces. The implosion energy at the lower frequencies is 
great enough to remove deposits that can include an oxide layer or any other thin passivation layer.[l2] 
Thiscan result in mechanical erosion of the surface being cleaned and is, of course, an important factor in 
the selection of a cleaning system. 
Ultrasonic Frequency 
Conventional ultrasonic cleaning tanks are available in discrete frequencies of 20,25,30,40,50, 
and 65 kHz. Some ultrasonic cleaning equipment is available in frequencies as high as 80 kHz to 1 MHz 
and more. One manufacturer is providing combinations of frequencies in the same cleaning tank. 
Frequency vs. Cleanin? Effectiveness. The knowledge that the lower the frequency the greater the 
implosion energy has been the basis for the selection of ultrasonic frequencies for cleaning systems through 
the decades. In 1959, Koontz and Arnron published their work which showed that as the ultrasonic 
frequency decreased, the cleaning effectiveness increased. This work was based on particulate 
contamination using weighing and visual inspection techniques. In 1986, a study was reported by D. H. 
McQueen that evaluated cleaning effectiveness in terms of the type of contaminant to be removed. 
McQueen grouped contamination into two classifications: the microscopic or particulate contaminants 
which included particles from cutting, grinding, or polishing operations; and, the submicroscopic or 
molecular contaminants which included fats, oils, or proteins deposited as a very thin film such as from 
fingerprints or deposited from condensation of these soils. McQueen's study agreed with Koontz and 
Amron for particulate matter, the cleaning efficiency increased as the ultrasonic frequency decreased. 
However, for what McQueen has termed as molecular or submicroscopic contaminants such as fingerprints, 
the cleaning efficiency increased as the frequency increased.[q 
McQueen's hypothesis is that there is a different rate limiting mechanism for the two types of 
contaminants. The microscopic or particulate contamination is held to a surface by several bonds. In order 
to remove the particle, all the bonds must be broken at the same time; if they are not the few bonds that are 
broken are repaired by the time the next series of cavitation bubbles develop to break the remaining bonds. 
Therefore, the lower frequency, higher cavitation energy cleaning system is required to remove particulate 
contamination. McQueen states that the submicroscopic contamination such as fingerprints are held by a 
much smaller number of bonding sites. That in actuality the contaminant is removed at the molecular level, 
molecule by molecule, and is, therefore, dependent on diffusion as the rate limiting step. For this latter 
mechanism, the ultrasonic activity in the water increases the diffusion process and as the frequency 
increases the efficiency of the diffusion process increases.[q 
The transducers manufactured for cleaning equipment are available in two different types, 
magnetostrictive for 20 and 30 kHz and piezoelectric for 25 and 40 kHz and higher. The actual operating 
frequency of a transducer will vary *3 kHz from the design frequency. 
Magnetostrictive Transducers. The magnetostrictive type of transducer is constructed of thin 
nickel strips placed together in a stack. A magnetic field is produced around this nickel stack through 
copper wire windings. The magnetic field causes the nickel atoms to align, taking up less space than the 
normal random atomic configuration. This phenomenon causes the nickel to contract. By causing the 
material to contract and relax, a resonant frequency in the nickel strip. The length of the nickel strip 
determines the frequency of the sound wave in the same manner as the length of an organ pipe, the longer 
the strip the lower the frequency. The length of the strips that are stacked together must be precision cut so 
that each individual strip resonates at the same frequency so the stack resonates in unison. This resonating 
frequency is then transmitted to the radiating plate and into the cleaning solution.[lO] Magnetostrictive 
transducers can be made to produce fr uencies greater than 20 or 30 kHz, however, the efficiency drops off 
"t 11 dramatically as the frequency increases. 
m l e c t r i c .  The piezoelectric transducers used today for cleaning applications are 
made of lead zirconate-titanate ceramic crystals that are sandwiched together with electrodes that provide 
voltage to the crystals. There are two complementary effects that give rise to the phenomenon that is 
inherent in the piezoelectric crystal; when pressure (piezo- is taken from the Greek word pjezein, to press) 
is applied to the crystal, an electrical field is produced on the surface. Conversely, if an electrical field is 
applied to the surface, a strain is produced that causes the crystal to contract.[l3,14] It is this latter 
condition that is utilized in the production of ultrasonic transducers. An alternating electric field is applied 
to the crystal at the desired frequency and causes it to contract and relax thus transforming the electrical 
frequency to the mechanical sound wave that is transmitted through the radiating plate and into the 
cleaning solution. 
T r a n s d u c e r .  Both types of transducers require bonding to a radiating plate, 
which is either the bottom of the cleaning tank or the face of an immersible transducer. There are two 
types of bonding techniques, brazing or epoxy bonding. The brazing technique produces a stronger bond 
and a better ultrasonic coupling medium; but, it requires a thicker radiating plate due to warping that occurs 
on a thinner plate with the braze heat cycle. Thus, brazing is limited to use with lower, higher energy 
frequencies, 20, 25, and 30 kHz. The epoxy adhesive bonding technique is used on thinner radiating plates 
and is typically used for the higher frequencies, 40 kHz and higher. 
Power Requirements 
The power levels in an ultrasonic tank system are a result of the amount of power the generator 
applies to the transducers and the number of transducers. The amount of power supplied to the transducers 
dictates the amplitude of the sound wave. The minimum power at which cavitation is produced, the 
cavitation threshold, is 0.3 Wattdcm2 (1.9 Wattdin2 ) at the radiating plate.[l2] The optimum power 
density for aqueous solutions was reported to be 2-3 Watts/cm2 (13-19 Watts/in2 ) and for solvents at 1.5-2 
Watts/cm2 (10- 13 Watts/in2 ) by Neppiras in a 1962 report.[ll] 
A power density measure that is more meaningful when discussing ultrasonic cleaning tank 
systems is the power per gallon of cleaning solution rather than the power per square inch of radiating plate 
surface. Cleaning systems are manufactured with varying power levels. Laboratory size tanks of up to 
about 10 gal generally have a power level of 100-200 Wattslgal. Newark Air Force Base uses small 
cylindrical 5-gal ultrasonic cleaning tanks that were designed to provide 500-600 Watts/gal.[3] Ultrasonic 
manufacturers, industry-wide, provide charts that show a significant decrease in power densities, 10-30 
Wattsfgal. as the size of the tank increases. However, this practice has not been supported by data that 
correlates cleanliness levels with the size of tank vs. power level. 
The adjustment in power levels between small and large tanks is achieved by the number of 
transducers that are provided for the individual tank. The number of transducers directly influences the 
number of sites that will generate cavitation. Increasing the number of transducers improves the cavitation 
coverage and reduces the amount of "shadowing" to the different facets of a complex piece of 
hardware.[lO] 
TEST PROCEDURE 
The specific details of the ultrasonic cleaning tank systems evaluated for this study are given in 
Table 1. These tank systems were used in various combinations in the three-step cleaning process. The 
frequency for cleaning steps 1 and 2 was held constant and the frequency for step 3 was either held the 
same or varied from steps 1 and 2. 
Standard complex test specimens were contaminated and then cleaned as described below. The cleaning 
agents were Rocketdyne approved cleaners. After cleaning, the test specimens were evaluated for the 
remaining particulate matter and the nonvolative residue (NVR). 
standard Com~lex Test Specimens. The test specimens were made of either 7 18 nickel base alloy 
or 304 stainless steel and were designed with through holes, blind passages, and threaded holes to simulate 
the complexity of the hardware, as shown in Fig. 1. 
TABLE 1. Ultraeonic Tank Systems I.D. Code, Power Density, and Size 
Fig. 1 .  Standard Complex Test Specimens with Placement of Contaminants. 
Tank System I.D. 
Frequency, Code W Volume Power Density, Watts/gal 
Systems: 
140 
100 
167 
115 
210 
100 
100 
8 3 
Systems: 
52 
25 
25 
25 
30 
Laboratory 
20 
2 0 
30 
3 0 
4 0 
40+/-1 
40+/-2 
4 7 
Industrial 
20 
25 
4 0 
5 0 
6 5 
Size Tank 
20-A 
20-B 
30-L 
30-1 
40-B 
40-1 
40-2 
47 
S-nk 
20-C 
25 
40-D 
50 
65 
Area 
Power 
Density, 
Watte/in2 
6 
10.5 
3.6 
3.5 
6.2 
3.6 
3.6 
1.5 
6.7 
4.6 
5.1 
4.6 
2.7 
Dimensions 
I.D., 
inches 
12~14x12 ht 
10~19x16 ht 
15.5~X9~6 ht
12~18x10 ht 
9.75~14~10 ht 
10~14x10 ht 
10~14x10 ht 
19.5~11~6 ht
50x36~36 ht 
48.5~54~31 ht
40X36.5-3 ht 
48.5~54~31 ht
16x22~20 ht 
Soln . 
cap. , 
gal. 
7 
10 
3 
6.5 
4 
5 
5 
4 
230 
320 
145 
320 
32 
contamination of Test S-mimens. The test specimens were contaminated, as shown in Fig. 1, 
with one of the following shop lubricants: 1) Cool Tool, by Monroe Fluid Technology; 2) Microfinish, 
by Petrochem Corp.; 3) Hydraulic Oil, by Mobil Oil Corp.; and 4) Centerpoint Lube, by Chicago 
Manufacturing and Distribution Co. Metallic fines were added to the contaminated areas and the 
specimens were heated in an oven at 200 F for 1 hr to simulate conditions of the machining processes. 
Cleaning Procedure. The cleaning procedure was comprised of three steps. Each step consisted 
of placing the test specimens in the ultrasonic cleaning tank containing a cleaning agent, the ultrasonics 
were activated for 15 min, the specimens were removed, drained, immersion rinsed in hot deionized water, 
removed, and thoroughly flushed with ambient temperature deionized water. Each cleaning agent was 
diluted using deionized water. Cleaning Step 1 used a solution of 20% by volume of the emulsion 
degreaser TurcoTM 3878 NC-LF* Cleaning Step 2 used a 3.3 percent by weight (%/wt) solution of the 
mild alkaline cleaner Turcow 4215 NC-LT plus O.4%/wt solution of the nonionic surfactant Turcow 
4215 Additive; and Cleaning Step 3 used a 0.04%/wt solution of the nonionic surfactant TurcoTM 421 5 
Additive. This last step was performed in a 100,000 Class cleanroom for the tests using the laboratory size 
tanks. The tests using industrial size tanks were conducted in the manufacturing shop which was not a 
controlled environment. 
b b r a t o r y  Evaluation of C l e a k .  The cleanliness evaluation process was performed in a 
30,000 Class cleanroom. Each specimen was evaluated by flushing with 500 ml of TCA. The TCA was 
filtered to extract the particles for particle count and the filtrate was evaporated to dryness and weighed to 
determine the nonvolatile residue. Particles greater than 400 microns were counted and recorded. The 
weight of the nonvolatile residue was divided by the surface area of the test specimen to calculate the 
amount of residue per surface area which was reported in mg/ft2 . 
Com~ar~son to Current F ~ n e  Clean Process Using TCA. The test specimens were contaminated 
and processed through the current manufacturing processes using aqueous solutions for preclean and vapor 
degreasing for fine clean. These specimens were then evaluated for cleanliness by the laboratory method 
given above. 
RESULTS AND DISCUSSION 
The cleaning effectiveness of each ultrasonic cleaning system was evaluated based on the 
nonvolatile residue and number of particulates remaining on the test specimens after cleaning. The NVR 
was further evaluated for the signal-to-noise ratio (SIN) which is a measure of the precision of the cleaning 
effectiveness. The calculation for the SIN was based on the Taguchi methods of analysis for results that 
aim for smallest-is-best.[l5] The calculation used the following relationship: 
SIN = -10 log(MSD), and, MSD = (y, + y2 +...+ y, 2)/n 
where MSD is the mean squared deviation, y is the NVR value in mg/ft2 , and n is the total number of data 
points for that test sequence. 
Table 2 provides a list of the cleaning system combinations tested and the results. Fig. 2 provides 
a graph of the average W R  u. the SIN, the data plotted also includes the comparison data for vapor 
degreasing. The best results on a graph for NVR 415. SIN for smallest-is-best are in the farthest lower right 
comer. 
No obvious trend in effectiveness of frequency level or combination appeared on the graph of the 
overall results. Therefore, the data was grouped by manufacturer in order to compare ultrasonic frequency 
*~rademark for Turco Products Division of Atochem North America, Inc., Westminster, 
California. 
TABLE 2. Test Results of Ultrasonic Tank Systems 
Listed in Order of Best Performance First 
(1) Signal-to-Noiae Ratio - -10 log(t&an Squared Deviation) 
12) Soil remained on these test specimens for 2 daye. 
(3) Soil remained on these test specimens for 24 daye. 
Cleaning System 
Steps l&2/Step 3 
by I.D. Codes 
20-B/20-B 
20-A/47 
25-D/40-D 
40-1/40-2 
25-D/25-D 
25-D/SO-D 
47/47 
20-C/20-C 
20-C/65 
30 - 1/47 
40-B/40-B 
20-B/40-B(2) 
30-I/30-I 
20-B/40-B(3) 
30 -L/30-L 
40-1/40-1 
40-B/20-B 
47/20-A 
Fig. 2. A plot of the results of the cleaning effectiveness of the ultrasonic systems evaluated. 
Tank 
Size 
Type 
Lab 
Lab 
Indust. 
Lab 
Indust. 
Indust. 
Lab 
Indust. 
Indus t . 
Lab 
Lab 
Lab 
Lab 
Lab 
Lab 
tab 
Lab 
Lab 
Avg . 
m, 
mg/Pt2 
1.7 
2.7 
3.0 
3.0 
3.2 
3.6 
3.9 
4.1 
4.8 
4.9 
5.0 
5.3 
5.6 
5.7 
5.8 
5.8 
6.1 
10.7 
Signal- 
to-Noise 
Ratio(1) 
-7.3 
-8.7 
-9.8 
- 10.5 
- 11.3 
-12.3 
-13.4 
-13.8 
-13.7 
-14.1 
-14.5 
-15.0 
-15.2 
-16.4 
-16.5 
-17.2 
-16.8 
-20.6 
Total 
Number 
Particles 
0 
0 
0 
9 
0 
1 
0 
0 
3 
0 
0 
4 
0 
0 
0 
9 
5 
0 
combinations while holding design differences a constant, Fig. 3a-f. 
There were several ultrasonic cleaning systems that provided cleaning effectiveness close to that 
of vapor degreasing as can be seen in Fig. 2. 
The best overall test result was for the cleaning sequence 20Bl20B which appears to be a possible 
anomoly, Eg .  3a. It would be expected that the 20Bl40B results would at least be somewhere between 
20B120B and 40B/40B, if frequency combination order were not an influencing factor. Therefore, the test 
for 20Bl40B was repeated, but similar results were obtained. This would indicate that the results for either 
20BnOB or 40B/40B were not accurate. 
The results of three of the cleaning sequences, Fig. 3b, c, and d, appeared to support the 
suggestion that a low frequency to remove the greater deposits of soil followed by a high frequency to 
remove the last microlayer of soil enhances cleaning eFecSiveness. In Fig. 3b, results are shown that 
indicate that frequency combination order are an influencingfactor. The cleaning sequence results 
provided in Fig. 3c indicate that cleaning with a higler +2 sweep frequency in the last cleaning step 
improves the cleaning effectiveness over that of using the rower +1 sweep frequency in all three cleaning 
steps. The cleaning sequence results prov~aed in Fig. 3d show that ckaning with 25 kHz followed by 40 
kHz in the fast cleaning stepp gives improvedcleaning effectiveness over using 25 kHz for all three steps. 
The system using 25 kHz followed by 50 kHz was not very effective. The 50 kHz ultrasonic system did 
not perform well because this system used 25 kHz transducers tkat were driven at 50 kHz by adjusting the 
generator. To drive the uItrasonic transducers at a frequency different from the design frequency does not 
appear to provide an efficient transfer of energy and as a result its performance is poor. This same type of 
situation was also evaluated by A. A. Busnaina, etal., and reported to be ineffective.[lq 
It was visually observed that if a water break free surface was not obtained after Step 2, Step 3 
was not very effective. With the 20Cl20C and 2W165 systems, very poor results were being obtained after 
Step 2 with the 20 kHz system, Step 3 added significantly to these cleaning processes. As can be seen in 
Fig. 3e, no significant difference in cleaning effectiveness was observed between these two different 
processes. - - 
The ultrasonic frequencies of the cleaning systems were classified as a low frequency system for 
20,25, and 30 kHz and as a high frequency system for 40,50, and 65 kHz. Study performed by D. H. 
McQueen used much higher frequencies for the high frequency evaluation. The 50 and 65 kHz systems 
tested in this study were still being considered as experimental equipment. Therefore, the high frequencies 
McQueen usedkGot cGrer3Iy available in industrial size equipment. 
CONCLUSIONS AND RECOMMENDATIONS 
Based on the results of this study, it has been concluded that a cleaning system should be tested to 
evaluate its effectiveness on the specific subtrate and soil that must be cleaned. The overall performance of 
- - -  
the frequency levels, low or high, varied from manufacturer to manufacturer. It appeared that the 
ultrasonic generator-transducer-radiating Fate design differences between manufacturers were more of an 
. - 
overriding factor in cleaning efgctiveness than the frequency levels or combinations of frequencies in the 
cleaning system. However, based on the limited tests performed, it appeared that, when the manufacturing 
design of the system was held cohstant, the use of low frequency ultrasonic systems in preliminary 
cleaning steps t6 remove gross amounts of soil followed by high frequency to remove the microlayer of 
soil in the final cleaning step gave enhanced cleaning effectiveness. It was also determined that lower 
power levels are acceptable for industrial size tanks compared to the smaller laboratory size tanks, but a 
little higher than that recommended by the manufacturer, at least for the Rocketdyne application. 
The system selected by Rocketdyne was 25 kHz for cleaning steps 1 and 2 and 40 kHz for step 3. 
The power levels requested were 4.2 watts/in2 at the radiating plate with 43 wattsfgal for each tank. 
Signal-to-Noise Ratio, SIN 
-25 -20 - i 5  -io -5 
Signal-to-Noise Ratio, SIN 
Fig. 3. A plot of the cleaning effectiveness of the ultrasonic systems by manufacturer. 
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QFD Analysis of RSRM Aqueous Cleaners 
BY 
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and 
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ABSTRACT 
This paper presents a Quality Function Deployment (QFD) analysis of the final down-selected aqueous cleaners to 
be used on the Redesigned Solid Rocket Motor (RSRM) program. The new cleaner will replace solvent vapr 
degreasing. The RSRM Ozone Depleting Compound Elimination program is discontinuing the methyl chloroform 
vapor degreasing process and replacing it with a spray-in-air aqueous cleaning process. Previously, 15 cleaners were 
down-selected to two candidates by passing screening tests involving toxicity, flammability, cleaning efficiency, 
contaminant solubility, corrosion potential, cost, and bond saength. The two down-selected cleaners were further 
evaluated with more intensive testing and evaluated using QFD techniques to assess suitability for cleaning RSRM 
case and nozzle surfaces in preparation for adhesive bonding. 
INTRODUCTION 
Quality Function Deployment (QFD) is a team method to plan and design new or improved products, processes, or 
services. The design is based upon customer requirements and the approach is to do it right the first time and 
document what you are doing and thinking. The concept was fmt proposed in 1966 by Yoji Akao, vice president 
of the Japan Society for Quality Control and professor of industrial engineering at Tamagawa University in Tokyo, 
Japan. The purpose of QFD was spawned from the need to fmd a way to get production to grasp the notion of 
quality assurance at the stage of planning before going into production. This notion was later named "concurrent 
engineering." QFD was inaoduced in 1972 by Akao at the Kobe shipyards of Mitsubishi Heavy Industries to 
coordinate the logistics for building complex supertanker cargo ships. The technique developed further sophistication 
at Toyota and has gained worldwide acceptance as a powerful product planning method in numerous industrial and 
service sectors. 
~ocketdyne' used QFD to redesign a fuel turbopump for a heavy-lift launch vehicle, Thiokol uses QFD on 
the RSRM program to the point that a QFD training course2 was developed, and NASA Marshall Space Flight Center 
(MSFC) has prepared a technical pape? to encourage NASA wide usage of the technique. 
The strategy of QFD is to focus development and improvement activities on the customer. Multidisciplinary 
teams are used to arrive at decisions by consensus. This approach allows customer requirements to be deployed from 
features to characteristics to operations to requirements. It provides a framework for concurrent engineering. 
Documentation is simple and consistent, and results in a optimum design that allows qualitative requirements to be 
converted in measurable activities. 
Thiokol engineering is using the technique to assist in the down-selection of new processes as a result of 
the Montreal Protocol ban on certain ozone depleting chemicals. The schedule for implementation is short and the 
task is awesome; perfect reasons to use QFD. 
DISCUSSION 
The QFD analysis followed a logic flow as illustrated in Figure 1. A brainstorming session was held with members 
of Materials and Processes Engineeting. The process was facilitated by a Total Quality Management (TQM) advisor. 
Quality charxteristics were identified which would answer all major program concerns. Safety, processability, and 
finished product performance were key elements in aniving at the frnal characteristics. The number of items was 
limited to 12 as recommended by good TQM practice. A binary comparison analysis was conducted using the 12 
items. Using a scale of 0.1 to 10, key members of safety, engineering, quality, waste disposal, facilities engineering, 
and NASA were asked to compare between two criteria at a time, working through all 12 characteristics (Figure 2). 
The results provided a weight by item for each individual criteria which was then grouped by organization (Figure 
3). A QFD form was developed for material selection that listed the quality characteristics, weight factors, ranking 
of data, total score, and total grand score for each material, and provided space for lab data (Figure 4). The 
laboratory tests were then conducted on each candidate and the data were entered, weighted, and ranked. A total 
score for each item as well as a grand total score for each material was obtained. 
- 
The first series of tests was designed to doh-select 15 cleaners to five by comparing each to the others 
and to the control, which was methyl chloroform vapor degreasing. Figure 5 shows the total QFD scores with three 
semi-aqueous and two aqueous cleaners winning out. The organic cleaners were eliminated due to their volatile 
nature during a spray in air mode. 
Since the first seGs oftests satisfieif d l  of the safety concerns, the second series of tests designed to down- 
select five cleaners to two could concentiate on processability and product performance facbrs. Again, a biiary 
comparison analysis was conducted to obtain the weighted value for the next series of tests. The five cleaners were 
submitted for lab - tests - and the results were analyzed. 
- .  
Residue from 6ntaminants and cleaners was determined by surfacechemistry analysis. Hydrocarbons were 
quantified by measuring carbon levels and silicates were measured by ratioing the silica peak to the zirconium peak. 
A typical ratio of the SitZr is 2.0 for a surface clGed by grit blasting with zirconium silicate media Any ratio 
higher than 2.0 indicates the presence of excess silicates which is a constituent in m e  of the cleaners. 
Cleaning efficiency was measured by optical stimulating elecmn emission (OSEE). The OSEE unit scans 
the surface with ultraviolet light in the 185 nanometer regon and provides surface cIeanliness measurements in 
centivoIt Gits w7u3-&%table to conGiiG-SEE. Theiiigher thez;centi%lt reading, the cleaner thesurface. 
The technique is sensitive to 1 m& of hydrocarbon contaminant. The acceptance level for bonding ranges from 
10 to 25 mg/ft2 dependingupOnitlieebond criticalli. - 
- ----- 
. -- - 
- - 
Bond strength w& determined using tensile adhesion of an epoxy adhesive (Hysol EA913NA) with D6AC 
steeI and 7W5 aluminum buttons. Fracture toughness was measured using tapered double cantilever beams with the 
same adhesive per a modified American Society for Testing Materials (ASTM) method. Fracture toughness was 
chosen because of its sensitivity to lower levels of surface contaminants which provides a clearer distinction between 
cleaner candidates. 
- - -  
-- - - -  - 
Various p r o c e s s < ~ w %  tested for bond smng&:ncluding no gritblasting with i d  without aging 
to bond, grit blasting with no aging, and soil loading uiitIino g r i t b i t  or aging. Aging conditions were 135'F and 
100 w e n t  R H 6 r  foUrW&b. Sol w@~adaed to the dGiGrTn successive cycle% to estabHsha GGiiGon level 
that would affect smngth. Five mg~l of soil simulated a typical years worth of soils the hardware would see. 
Corrosion potential was tested three ways: visual inspection, electrochemical potential per an ASTM method, 
and corrosion rate in mils lost per year. 
The major difference that separated the cleaners was soil loading capability. One semi-aqueous cleaner 
performed equally with the aqueous cleaners except for the soil loading test, where it was eliminated (Figme 6). 
The two final candidates were Brulin 815GD and Jettacin. They are both aqueous alkaline cl-TS. Jettacin also 
contains a terpene soIvent. -- 
As the number of cleaners were reduced, more tests were performed to establish some statistical confidence. 
The thud series of down-selection, two cleaners to one, introduced design of experiments W E )  as a tool to gain 
maximum information with minimum testing. 
The DOE (Figure 7) was a seven-variable, welevel design requiring 16 coupons for each alloy. The 
variables were carefully chosen after lengthy discussions with jmuxsing experts. Additionally, two repeat sets were 
run to establish process and testing variability levels. The 2-sigma bands show in Figure 8 establish these statistical 
boundaries for this set of experiments. Therefore, only parameters that exceed these levels are considered as 
significant changes. When reviewing the main effects, the response to each variable cwld be measured against the 
2-sigma window and each cleaner could be scored accordingly (Figure 8). Again, a new QFD mahk was developed 
to make the 2-to-1 down-selection. This matrix showed that both cleaners were acceptable in the product 
performance category. However, subscale cleaning tests highlighted potential proasability issues, i.e. foaming and 
cleaner life. 
In addition to the standard laboratory tests, pmmsability tests were expanded to further define the transition 
from subscale to full-scale processing. During this scaleup, some cleaner foaming was encountered. Therefore, 
further testing will study low foaming cleaners from the same chemical family. Prelirnhry work with one such 
cleaner, Brulin 1990, using electron specmscopy for chemical analysis (ESCA) showed that at the molecular level, 
the nonfoarning and standard aqueous cleaners produced similar surface chemistry. Preliminary bond testing with 
Brulin 1990 (tensile and fracture energy) showed equal strengths to the foaming version. Thus Brulin 1990 appears 
to be a viable cleaner for our application. 
CONCLUSIONS 
The QFD approach has proven to be an effective way to assimilate the varied concerns and opinions of various 
organizations early in the design process. The QFD format allows clear and concise reporting of the test data in a 
nonbiased manner. Many technical factors are used in an engineering decision. By limiting the factors of customer 
concern, speedy decisions can be made about numerous cleaner systems. However, as the selection of cleaners 
narrows more engineering judgement from technical data is necessary. A lesson learned is that any issue, even if 
given minimal weight in the scoring process, can impact the fmal decision. 
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use scale of 0.1-10 
Develop welght factors 
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flammablllty Is: (choose one) 
Exceedlngly more important 
Slgniflcantm more Important 
Equally lmportant 
Signlflcantly less lmportant 
-- 
Exceedingly less Important than toxlclty 
The revlewer decides whlch statement Is true, then marks the approprlate score In the cell. 
Calculations wlll be done on the other cells to determlne total welght of each crlteria 
Do not calculate totals at this tlme. 
Figure 2. Binary Comparison Analysis 
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Figure 6. OPTIC Team QFD Results. Down-selection 
from 5 to 2. (total scores) 
For each cleaner: 
Variables w Lsw Level - 1 
A = Cleaner Temperature 135OF i 5O 70°F rt 5O 
B = Cleaner Concentration 30% 10% 
C = Wash Density 2.3 gpm 1.5 gpm 
D = Wash Pressure 250 i 25 psi 70 psi 
E = Rinse Pressure 250 5 25 psi 70 sl 
F = Lab Location HSO 
G = Cleaner Jettacin 
sclE 
Brulin 
Figure 7. Design of Experiments, 6 Variables (2 levels) 
- Temp = 135OF 
Density = 
2.3 gpm Jettacln 
Concentration 
Concentration 
= 10% Rinse Pres = 
Wash Pres = 
Density = Brulln 
1.5 gpm 
Temp = 70°F 
- 
- 
-r 
Figure 8. Test Matrix Variable Code 

A DESIGN OF EXPERIMENTS TEST TO DEFINE CRITICAL SPRAY CLEANING 
PARAMETERS FOR BRULTN 815 GD AND JE'ITACIN CLEANERS 
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Experimental design testing was conducted to identify critical parameters of a equmu8 spmy 
process intended for cleaning solid rocket motor metal components (steel and aluminum). A hvo-level, six- 
parameter, fractional factorial matrix was constructed and conducted for two cleaners, Brulin 815 GD and 
Diversey Jettacin. The matrix parameters included cleaner tempatwe and concentration, wash density, 
wash pressure, rinse pressure, and dishwasher type. Other spray panmeters: nozzle stand-off, rinse w a r  
temperature, wash and rinse time, dry conditions, and type of xime water (deionized) were held constant. 
Matrix reqonse testing utilized discriminating bond specimens (fracture energy and tensile adhesion 
strength) which rep-t critical production bond lines. Overall, Je#acin spray cleaning was hmsitive 
to the range of conditions tested for all panuwtm and exhibited bond strengths significantly above the 
TCA test baseline for all bond lines tested. Brulin 815 was sensitive to cleaning temper at^^^, but produced 
bond strengths above the TCA test baseline even at the lower temperatures. Ultimately, the experimental 
design database was utilized to recommend process parameter settiup for future aqueous spray cleaning 
characterization work. 
Thiokol Space Operations has been on an aggmsive schedule to select non-ODC cleanem to 
replace the 685 thousand pounds of l,l,l-trichloroethane currently used annually in two main vapor 
&greasers. Both immersion and spray processes were evaluated. For this particular application, it wrrrr 
determined that spray cleaning waa not only superior, but .Iso more practical. Two cleaners emerged from 
over 150 tested: Brulin 815 GD and Diversey Jettacin. Once the cleaner selection had been narrowed to 
these two, a process optimization test was defined. It was determined that a Design-Of-Experhen& (DOE) 
matrix should be used to meet the following objectives: 
Identify critical aque~us pray cleaning process pmme&rs 
Determine operating ranges of the matrix parameters 
Specify the cleaning process for remaining development work 
mECj33lPjG PAGE BMNK NOT FIB%EB 
TABLE 1 - TEST MATRIX 
6 VARIABLES (2 LEVELS) 
For Each Cleaner: 
A 
- B - c 9 E F 
1 + + + + + + 
2 + + + - + - 
3 + + - + - 
4 + + - + 
Variables Hieh Level (+I Low Level (-1 
A=Cleaner Temperature 135' f 5" F 
B = Cleaner Concentration 30 96 
C = Wash Density 2.3 gpm 1.5 gpm 
D =Wash Pressure 250 k 25 psi 70 psi 
E = Rinse Pressure 250 f 25 psi 70 psi 
F =Lab Location HSO S&E 
G = Cleaner Jettacin - Brulia 8 1 5 ~ ~  
Wash density -- - = (Flow rate x Cleaning time)/Arerr of surface cleaned 
- - -  
Time and area were held constant; thus, wash density is expressed in terms of flow rate. 
Huntsville tests were conducted by Thiokol Huntsville Space Operations. Utah tests were conductad by 
- 
The matrix was a six-panmeter, two-level frPCtioIlPf fw@rid which- gCVg@t_otp for each 
cleaner. The matrix, pmcca parameters and the test levels are shown in Table 1. Them was concan that 
division of tho matrices at two laboratory locations may cbmpmmt.ih6 e x p h + t d  control of each 
matrix; particularly, because the two labs utilized digs-@dar dishw6hers p a l e  2). However, the effort 
was divided with confidence that experimental consistency could be achieved because 
Historically, Huntsville and Utah bond property databases have comlatcd closely 
Utilization of two different dishwasher system would demonstrate aqueous cleaning 
process robustness 
Both labs used the same lot of adhesive for bond specimen assembly 
Lab location was selected as a process variable 
The final selection of variables included cleaner temperature, cleaner concentration, wnsh density, 
wash pressure, rinse p w  and lab location. Other bpmmeks, deemed less critical through technical 
discussions, were held constant as indicated in Table 2. 
TABLE 2 - CONSTANT PARAMETERS 
PARAMETER HSV 
Nozzle Stand-off Distance 6 f 1 inches 
Wash Time 9 minutes 
Rinse Water Temperature 65 & 5'F 
Rinse Time 10 minutes 
Utah 
8 f 1 inches 
2-3 minutes 
65 f 5'F 
2-3 minutes 
Dry Conditions Missile grade, ambient air Clean room grade, ambient ah 
Contaminants (Steel) Magnaflux + Diala oil + grease Magnaflux + Diala oil + grease 
(Alum) Grease Gtease 
Water Deionized Deionized 
NOTE: Cleaning and rinsing times and stand-off distances were corrected for Huntsville and Utah 
"dishwasher" diffemces. The Huntsville system configured the specimens horizontally on a rotating table 
under fixed nozzles. The Utah system configured the specimens vertically on a rack with oscillating 
nozzles. 
RESULTS 
Response tab for these d c t s  are listed as follows: 
Tensile Adhesion Strength (Bond line = EA 913 AdksiveJSteel md EA 913 
Adhesive/ Aluminum) 
Fmcturs Energy (Bond line = EA 913 AdhesivdSteel and EA 913 Adb6sivdAluminum) 
Surhcc Energy Analysis (Contact Angle) 
Surface Chemistry Adysie (ESWSIMSIAuger) 
OSEE Adysie 
The bond lines repmeat actual production bond systems and am typically used for d g  tests 
because of their sensitivity to contamindon and other substrate chamcteristics. In addition, the hctum 
cuergy and tensile adhesion tests function well in differentiating substrate trtotnrcnt efkts.  Esssatially, 
them is much information to be gained from the aualysis because of the mpon8e tests. 
The discussion of ths pitper is limited to the bond line data analysis because the &ta of the other 
testa comsponded cloealy with the bond line data. Thua, the coaclusiona of t b  bond lias data us 
d o g o w  to the other tusta. The TCA (1,l.l-trichloroethane) beline data cited in thie papst wrs 
processed differently than amnt RSRM pduction hrnfwus is p d  In order to maintain dmilnrity 
with the .qwous cleaned spec*, the TCA baseline panels did not redire 8 post clean or p-boad grit 
. . .  blast. A grit blast after aqueous cleaning would prevent cLscnrmnation between critical prrrcMetent by 
masking their effect; therefore, for testing purposes it was omitted. 
The data from the sixteen runs of each matrix, shown in Figures 1-4, were p d  through a 
least-squam r e m i o n  analysis which d the main effects of higMow p a m e k t  variation on e.ach 
response. In addition, the two-parame&r interactive effects were calculated. PIuameter variation was 
regarded significant to the response when the high-blow change cause the value of iesponse meamre.ment 
to exceed experimental variability (outside the error bands). A parameter we co&@ed critical if tbe 
main effects were statistidy significant at a 95% confideace level. Table 3 shows the interactive 
parameters. The analysis also combined the results of the Brulin 815 and Jettacin mataices, which created 
a seventh jmameter, cleaner. The a d y w  are plotted in Figures 5 to 9. The charts plot the measured 
response against each parameter (high and low level). The dotted lines (error bands) show experimental 
variability. The following paragraphs discuss the results for each bond line response tested. It is important 
to note that of the main response average bond values are significantly above the baseline TCA standard 
database that has been constructed during the ODC testing. 
. 
- 
Tensile Adhesion Streruzth (EA 913ISteel). Figure 5, the main effects chart, &ow8 that cleaner 
temperature, wash density, and choice of cleaner are critical to the tensile adhesion strength of this bond 
line. On the average, raising the cleaner temperature to 135 OF increases the tensile adhesion strength by 
640 psi. Increasing the wash density to 2.3 gpm also raises the tensile adhesion strength by 455 psi. 
Finally, cleaning with Jettacin results in a tensile adhesion strength of 476 psi higher than Bnrlin 815. 
L 
-- -- 
- 
There are three significant two-parameter interactions of interest shown in Figure 6. This chart 
is a composite that plots tensile adhesion strength against cleaner temperature at the two wash densities for 
both cleaners. The data show that high temperature cleaning is independent of wash density variation. 
Also, high wash density cleaning is independent of cleaner temperature variation. Wbile the-B& 815 
GD requires the high t e m p e r e  setting to match the bond strengths of the Jettacin, even the low 
temperature setting produces bond strengths above the TCA -- test - baseline of 6300 psi. Both cleanem rn 
essentially equivalent at either a high wash density or high temperature setting. 
Tensile Adhesion Strennth (EA 9U/Aluminum), The main effects chart, F i g w  7, for this 
response test analysis reveals that cleaner temperature and type are critical. Higher temperature cleaning 
improved tensile adhesion strength by 1.134 psi. Also, Jetbcin cleaning resulted in a 1,054 psi higher 
average bond strength than Brulin 815. Again, these effects was primarily due to the sensitivity of Brulin 
815 at the lower temperature. The low parameter v a l e  for the 70" F and Brulin 815 cleaned specimens, 
around 6600 psi, was - still - 1500 psi above the TCA baseline of 5100 psi for this bond line. 
- 
- - 
- - 
- - - - - - 
 --- - 
- 
- - 
- - 
--- - - -
- - - - 
- 
- -- = -  -- 
- 
- 
Fracture En- (EA 91YSteelL The main effects c&t for this response property b plotted in 
Figure 8. This chart shows a critical efffect from cleaner tempratwe, - test lab, and cleaner type. Variation 
in cleaner temp- h m  70 OF to 135 "F increase fracture energy from approximakly 12.5 to 16.0 
in.lbs/in2. Similar to Figure 6, the two-pamwkx interaction a d y S *  showed tb&effect_was due to 
Brulin 815 cleaning sensitivity to low temperature. Again, ~ettacin performed essentially the-- at the 
two ends of the cleaner temperalure spectrum. All of the average bond strengths were significantly above 
the TCA baseline of 2.0 in.lbs/in2. 
Fracture energy also demonstrated significant sensitivity to lab locatioddishwasher type. C l d g  
in the Huntsville dishwasher reduced fracture energy by 2.8 in.lbs/it?. The sixteen nms of cleaning in the 
Huntsville dishwasher provided an average fracture energy of 12.8 in*lbsfii, which is substantially higher 
than nominal baseline cleaning process, TCA vapor &greasing, values. -- - 
-- - 
* -- 
ysis also showed that fracture energy effected by the type cleaner. Jettacin 
cleaning provides a fracture energy of 2.0 in.lbs/id greater than Brulin 815. 
cture Enem IEA 9UIAlurninum~ Tbis nsponse demonstdd significaut depmdPnce on 
cleaner temperature due to B d i n  815 temperature sezlsitivity (Figure 9). The higher cleaner bqxahm 
increased the fracture energy fiom approximately 8.8 to 14.0 in*lbdinl. As with tho other bodlinas, even 
the low values are significantly above the TCA baselime values of 0.4 in*lbs/in2established during the ODC 
'esting program. 
Similar to the steel fracture energy data, lab location strongly affected this nsponse. There was 
a delta 2.6 in.lbslk8 decre~se in Fracture energy when the specimens were cleaned in tbe Huntsville 
dishwasher. 
Wash density demonstrated main effects on this property. Cleaning at the higher ivash density 
improved fracture energy by 2.1 in+lbs/id. 
Table 3 itemizes the significant and interactive effects of each of the parametera of ench design 
of experiments matrix. 
CONCLUSION 
The individual parameter recommendations can be found in Table 4. To summarize, the data 
analysis leads to the following conclusions: 
Aqueous spray-in-air cleaning produced statistically significant higher bond properties 
than the baseline process, TCA vapor degtepsing. 
Jettacin cleaning was relatively insensitive to process parameter variation. 
Brulin 815 cleaning was sensitive to variation of cleaner temperature, higher temperature 
provided higher bond strengths. However, the lower t e m p e m  still provided bond 
strengths above the TCA baseline. 
Fracture energy sensitivity to the lab location parameter is probably due to differences 
in the dishwashers. 
Bond properties were insensitive to variation in wash pressure, rinse pressure, and 
cleaner concentration. 
Aqueous spray cleaning is a robust process in terms of the parameters tested. 
Because all bond line responses were significantly above the testing TCA baseline, factors 
other than bond strength (recyclability, OSHA, environmental) will play a more 
significant role in cleaner selection. 
Other conclusions that were drawn from this testing included: 
The r h o  aud dry ptocesses require mom definition. 
Aqueous cleaning wil l  e m  OSEE readings. 
Black light inspections should be quantified with 96 clean and intensity of fluorescence 
rather tban PpSdfaiI. 
NVR should be perfond u m m t  with all testing. 
During a mid-scale test a high degree of foaming was noted from both of thess cleaners. The two 
cleaners tested are foaming cle~nen intended for immersion type cleaning operations. Nearly identical non- 
foaming cleaners am available. It has not yet been decided whether work will continue with the- forrming 
cleaners or their non-foaming 'sisterw cleanen. 
This effort was accomplished as the result of a co11aborafion of many individuals. Tha following people 
played significant roles in this work: RK.  Jones, AS. Allen, KJ. Schulb, D.E. Hutchens, H.D. Bums, 
P.A. Doan, T.N. Thornton, J.R. Newton, B. 0. Olsen, J.A. Stevenson and RL. Hansen. 
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A) Cleaning Temperature ttacin, 135" F for Brulin 815 
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ABSTRACT 
Bacteria capable of degrading Trichloroethylene (TCE) were isolated from 
contaminated wastewaters and soil sites. The aerobic cultures were identified as 
Pseudomonas aePuginosa (four species) and Pseudomonas flnrorescens. The optimal 
conditions for the growth of aerobic cultures were determined. The minimal inhibitory 
concentration values of TCE for Pseudomonas sps, were also determined. The aerobic cells 
were immobilized in calcium alginate in the form of beads. Degradation of TCE by the 
anaerobic and dichloroethylene @CE) by aerobic cultures was studied using dual reactors - 
anaerobic biofilm and aerobic immobilized bed reactor. The minimal mineral salt medium 
saturated with TCE was pumped at the rate of 1 rnl per hour into the anaerobic reactor. The 
MMS medium saturated with DCE and supplemented with xyelens and toluene (3 ppm 
each) was pumped at the rate of 1 rnl per hour into the fluidized air-uplift-type reactor 
containing the immobilized aerobic cells. The concentrations of TCE and DCE and the 
metabolites formed during their degradation by the anaerobic and aerobic cultures were 
monitored by GC. The preliminary study suggests that the anaerobic and aerobic cultures of 
our isolates can degrade TCE and DCE. 
INTRODUCTION 
Trichloroethylene (TCE) is a volatile chlorinated organic compound which is used 
extensively as a solvent and degreasing agent (Storck, 1987). TCE and other chlorinated 
wastes have been shown to migrate through soils from disposal sites and threaten 
groundwater aquifers across the nation (Folsom et al., 1990). The U.S. Environmental 
Protection Agency has classified TCE as a priority pollutant on the basis of its ubiquity, 
suspected carcinogenicity and propensity to be anaerobically degraded to vinyl chloride in 
groundwater (U.S. Environmental Protection Agency, 1980). Due to its widespread 
contamination of soil and water and its potential health threat, TCE has received much 
attention recently. 
The application of biorernediation to solve environmental problems has increased 
tremendously in the last 15 to 20 years (Wackett and Gibson, 1988; Tsien el al., 1989; 
Zylstra et al., 1989; Harker and I(lm, 1990; Folsom et al., 1990; Folsom and Chapman, 199 1 ; 
Malachowsky et al., 1994). Several pure and mix cultures which possess the ability to act 
on TCE have been isolated and characterized from different ecosystems contaminated with 
these compounds (Fliermans et al., 1988; Baek, N.H., and P.R. Jaffe, 1989; Folsorn et al., 
1990; Folsom and Chapman, 199 1; Alvarez-Cohen et al., 1992; Malchowsky et al., 1 994). 
Bouwer and McCarty (1983) reported that the chlorinated alkenes may be converted 
anaerobically by reductive dehalogenation to known carcinogens such as vinyl chloride. 
Similarly tropic enrichment cultures can degrade TCE aerobically in the presence of certain 
aromatic compounds such as toluene or phenol (Nelson et al., 1987). Keeping the above 
ongoing research in mind, a preliminary study was carried out to study the degradation of 
TCE by anaerobic and aerobic cultures in continuous bioreactors. 
MATERIALS AND METHODS 
Chemicals 
Trichloroethylene, Dichloroethylene of 99% purity were purchased from Aldrich 
Chemical Company. Toluene and xylenes were purchased from Curtin Matheson Scientific 
Company, Kennesaw, GA. The gases were puchased locally. All other chemicals were 
obtained from Sigma Chemical Company Co., St. Louis, MO. 
Media and Culture Conditions 
The sterile minimal rninaral salt (MMS) medium (pH 7.0) used for the isolation of 
aerobic microorganisms capable of degrading TCE in the presence of, xylenes and toluene 
contained the following ( g l ' ) :  K2HP04, 4.3; KH,PO,, 3.4: MgC12.H20, 0.3, NH,CI, 1 .O, the 
medium was amended with 0.5 ml of the trace element solution containing the following 
(mg/L): MnC12.4H20, 1 .O; FeS0,.7H20, 0.6; CaC12.H20, 2.6; NaMoO,. 2H20, 6.0. 
MMS plates were prepared by adding 15 g of agar (Difco Laboratories, Detroit, MI) 
to 1 liter of the medium. Unless otherwise stated, the microorganisms were grown in the 
medium containing xylenes and toluene as the sole source of carbon and energy with trace 
amount of TCE. 
Isolation and Identification of Cultures 
The bacteria capable of degrading trichloroethylene in the presence of xylene and 
toluene were isolated fiom contaminated soil and water samples collected fiom industrial 
sites. A 1: 10 dilution of each sample was made with sterile MMS medium and the suspension 
was incubated at room temperature for 1 h. One milliliter of the suspension was inoculated 
into sterile Pyrex test tubes containing 9 ml of the medium supplemented with different 
concentrations of TCE (ranging from 25 ppm to saturation concentration) and xylenes and 
toluene (3 ppm each). The tubes were then incubated at 25°C for 7 days and examined for 
turbidity. After 5 to 7 transfers, the turbid samples were streaked onto plates containing TCE 
and xylenes and toluene as sources of carbon and energy. Colonies that grew on agar plates 
containing TCE and xylenes and toluenes but not on control plates were then selected for 
identification. 
Identification of the Bacteria 
Identification of bacteria was based on the classification scheme described in Bergey's 
Mama[ of Systematic Bacteriology (Palleroni, 1984). Tests were performed as described in 
the manual (Palleroni, 1984) or as described by Srnibert and Krieg(198 1). Subsequently, the 
isolates were biochemically characterized by using commercially available diagnostic kits fiom 
the API 20E test kit (Analytab Products, Plainview, N.Y.). The identification was reconfirmed 
using Biolog MicroID system in Biology Department, University of Alabama, Birmingham, 
AL. 
Growth Medium for Anaerobic Cultures 
The basic growth medium for anaerobic cultures contained the following (mg/L): 
(NH4)2Hp04, 80; NH,CI, 1000; K&P04, 200; NaCI, 10; CaCI,, 10; MgCI,, 50; CoCI2.6H2O, 
1.5; CuC12.2H20 0.2; N%MoO,.H,O, 0.23; ZnCI,, 0.19; NiCo04.6H,0, 0.2; FeS04.7H20, 
1 .O; dC1,. 6H20,0.4; H3B03, 0.38; Biotin,, 0.02; Folic acid, 0.02; Pyridoxine-HCI, 0.1, 
Riboflavin, 0.05; Thiamine, 0.05; Nicotinic acid, 0.05; Pathothenic acid, 0.05; Vitamin B,,, 
0.0001; p-arninobenzoic acid, 0.2 and Resazurin, 1 .O; supplirnented with 0.5% carbon source 
(Glucose) and saturated with TCE. 
Optimal Conditions 
The optimal temperature for the growth of the bacteria was determined by inoculating 
50 rnl of the MMS medium containing TCE and 3 ppm of xylenes and toluene into 250 ml 
Pyrex flasks, which were then incubated at 5, 15, 25, 35, 45, and 55°C. Growth was 
monitored after 72 h of incubation. The optimal pH was determined by inoculating the 
medium adjusted to pH 3.0 to 9.0. The inoculated cultures were then incubated at 25°C. The 
growth was measured after 72 h of incubation. 
Minimal Inhibitory Concentrations ( M I 9  
Since TCE is highly toxic and can not be used as a carbon source, it is necessary to 
determine the levels at which the experiments could be camed out without greatly affecting 
the organisms. The minimal inhibitory concentration values of TCE for the isolates of 
Pseudomonas sp. s were determined by conducting the experiments in 1 00 ml Qorpak bottles 
filled with MMS medium supplemented with different concentrations of TCE (10 - 2500 ppm) 
and 3 ppm of xylenes and toluene as a carbon source and also inducers of mono- and 
dioxyganase enzymes. The medium was inoculated with 1 rnl of cell suspension (%, 1 .O) of 
xylenes- and toluene-utilizing cultures. The experiment was run at 25°C for 120 h and the 
MIC values of TCE for the isolates were determined by monitoring the bacterial growth. 
The MIC is defined as the lowest concentration of the inhibitor above which no growth is 
observed. 
Immobilization of Aerobic Cultures in Alginate 
Aerobic mix culture consortium was harvested from the MMS medium supplemented 
with constant saturation of toluene and xylenes at exponential phase by continuous 
centrifugation at 15,000 x g and the pellet was washed three times with 25 rnM phosphate 
buffer. The cell paste (300-400 mgll 00 ml) suspended in 100 ml of 0.85% normal saline was 
mixed with 100 ml of sterile 4% sodium alginate. The alginate-cell mixture was extruded 
dropwise through a 25-gauge needle from a height of about 20 cm into cold 0.2 M CaCl,. 
Each drop was hardened into a bead containing entrapped cells. The beads were further 
hardened by stirring them in CaCl, for 30 min and stored at 5'C for 24 h. 
Optimul Conditions 
Maximum growth was obtained after 120 h of incubation at 25-30°C. No growth was 
observed at 55°C. The isolate was found to grow well between pH 6.0 and 7.0 . However, 
maximum cell growth was obtained at pH 6.5 and 7.0. No growth was observed below pH 
5.0 or above pH 7.0. 
Immobilization 
The typical yield following immobilization of cells with alginate was about 0.6-0.8 g 
of beaddm1 of cell-alginate suspension. Individual beads had a diameter of 1-2 mm and an 
average wet and dry wt of 13 and 0.6 mg, respectively. At the time of immobilization, each 
bead contained approximately 1.5-2.5 x lo8 viable cells, as determined by pour plate method 
of disrupted beads (O'Reilly and Crawford, 1989). 
Minimal Inhibitory Concentration Values of TCE 
The minimal inhibitory concentration values of TCE for Pseudomonas sp.s are 
presented in the Table 1. The MIC values of Pseudomonas aeruginosa #I1 and 
Pseuodmonas aerugnosa #IV were found to be 1024 ppm followed by Pseudomonas 
aeruginosa # III. The MIC values for both Pseudomonas aeruginosa # I and Pseudomonas 
fluorescens were found to be 32 ppm. (Table 1). 
Table 1 Minimal Inhibitory Concentration values of TCE for Pseudomonas Sp.s 
-----------------------------.------------------------------------------------------------------ 
Culture # Name of the Culture MIC Value [ppm] 
1 Pseudomonas aeruginosa 3 2 
2 Pseudomonas aeruginosa 1024 
3 Pseudomonas aeruginosa 256 
4 Pseudomonas aeruginosa 1024 
5 Pseudomonas fluorescens 3 2 
Degradation of TCE and DCE 
Figure 1 indicate the degradation of TCE by the anaerobic cultures. The anaerobic 
bacterial cells were able to degrade or dechlorinate TCE into different compounds (Fig. 1) 
which were detected in GC. Figure 2 shows that the immobilized cells of aerobic mix cultures 
were able to degrade DCE. The products and concentrations of TCE and DCE have not be'en 
identified and quantified in the present investigation. 
Fig2: DEGRADATION OF DCE BY IMhIOBILIZED CELLS OF 
PSEUDOhfONAS S ps. 
Fig 1: ANAEROBIC DEGRADATION OF TCE 
DISCUSSION 
Trichloroethylene (TCE), an Enviornrnental Protection Agency Priority Pollutant, is 
widespread in the environment and relatively resistant to biodegradation in soil and the 
subsurface. Under aerobic conditions, TCE is usually cometabolized and thus requires the 
presence of a cosubstrate such as methane, ammonia, toluene, xylene. Nelson et al. (1988), 
Little et a1.(1988), and Arciero et a1 (1989) have shown that toluene-, methane-, and 
ammonia-oxidizing bacteria, respectively, biodegrade TCE. It is genetically evident that 
toluene dioxygenase (Nelson et a1.,1988; Wackett and Gibson, 1988) and toluene 
monooxygenase (Winter et al., 1989) are biocatalysts active in TCE degradation (Nelson et 
al., 1988). The results from the present study indicate the anaerobic dechlorination of TCE 
and degradation of DCE by immobilized cells of aerobic cultures. 
The studies on the confirmation of TCE and DCE degradation and the identification 
and quantification of metabolites formed during their degradation are in progress. The 
' 
opthiation of degradation of TCE using various carbon soruces such as glucose, formate, 
succinate, corn syrups, etc., is also being carried out. The work on the degradation of DCE 
in the presence of various concentrations of xylenes and toluene which act as inducers of 
mono- and dioxygenases is also in progress. 
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Because of health and environmental concerns, many regulations have been passed 
in recent years regarding the use of chlorinated solvents. The Oak Ridge Y-12 Plant* has had 
an active program to find alternatives for these solvents used in cleaning applications for the 
past 7 years. During this time frame, the quantity of solvents purchased has been reduced 
by 92%. The program has been a twofold effort. Vapor degreasers used in batch cleaning 
operations have been replaced by ultrasonic cleaning with aqueous detergent, and other 
organic solvents have been identified for use in hand-wiping or specialty operations. 
In order to qualify these alternatives for use, experimentation was conducted on 
cleaning ability as well as effects on subsequent operations such as welding, painting and 
bonding. Cleaning ability was determined using techniques such as X-ray photoelectron 
spectroscopy (XPS) and Fourier Transform Infrared Spectroscopy (FTIR) which are capable 
of examining monolayer levels of contamination on a surface. Solvents have been identified 
for removal of rust preventative oils, lapping oils, machining coolants, lubricants, greases, and 
mold releases. Solvents have also been evaluated for cleaning urethane foam spray guns, 
swelling of urethanes and swelling of epoxies. 
Introduction 
Recently many regulations have come to pass regarding the use of chlorinated 
solvents. Not only are solvents such as l , l ,  1-trichloroethane (TCA) and 1,1,1- 
trichlorotrifluoroethane (CFC-113) considered ozone depleting substances and will no longer 
be produced in 1996, but others such as methylene chloride and perchloroethylene are also 
being stringently regulated. Methylene chloride and perchloroethylene are considered suspect 
carcinogens. Stringent emission controls are currently being proposed under the Clean Air 
Act for these chemicals, and their wastes are controlled under the Resource Conservation and 
Recovery Act (RCRA). This became a particular problem for the Oak Ridge Y-12 Plant. 
* ~ a n a ~ e d  by Martin Marietta Energy Systems, Inc., for the U.S. Department of Energy under 
contract DE-AC05-840R21400. 
T h e  regional Environmental Protection Agency (EPA) office ruled that wipes that had come 
into contact with F-listed RCRA wastes must also be handled as RCRA wastes. The  Y-12 
Plant handles uranium and any wipe which comes into contact with uranium is regarded a low 
level radioactive wastes. If one of these solvents are used to wipe uranium, the wipe is then 
classified as a mixed waste because it is considered both RCRA and radioactive. Currently, 
handling of mixed waste is very difficult. Thus, the desire of the plant was to  find a substitute 
for the solvents being used so that the wipes would only be  classified as a radioactive wastes. 
Since 1987, personnel at Y-12 have been active in a chlorinated solvent substitution program. 
Initially, steps were taken to determine the amount of these solvents being used and 
how they were being used. This was done by Erst compiling purchase records from the plant 
stores for a three year time frame. Surveys were also issued to each of the areas in the plants 
asking for their usage. After this data were obtained, visits were made to  each of the  facilities 
to  observe the operations and talk to the personnel using the solvents. The usages 
throughout the plant included cleaning parts prior to and after machining, inspection or  
operations such as welding, bonding, plating, painting, and heat treating; drying metal chips; 
cleaning urethane foam spray guns; and cleaning meter mix machines. A priority list was 
established for attacking these usages and work began. 
To determine levels o obtained from solvents o r  aqueous cleaning, 
comparitive studies were conducted using coupons which are prepared, cleaned and analyzed 
using X-ray photoelectron spectroscopy (XPS). This technique is capable of looking at 
monolayer levels of a surface. The surface is bombarded with X-rays and the electrons which 
are ejected are then measured. The energies at which these electrons are ejected differ for 
various elements o r  elements in different binding states. Thus, one can determine the 
elements present on the surface. When conducting cleaning studies, the ratio of the element 
most associated with the contaminant, generally carbon, to the base metal, such as iron o r  
chromium is calculated. The lower this ratio, the cleaner the surface. 
-- - 
Not only does the cleaning ability have to be  assessed in order to determine possible 
alternatives but other factors such as compatibility and effects on subsequent operations must 
also be addressed. Generally, compatibility tests are conducted by submerging metals to  be  
cleaned into the cleaner for a given period of time and then examining the metal to 
determine if any corrosion is evident. Compatibility tests can also be conducted on 
nonmetallic materials using submersion techniques and recording weight gain as a function 
of time. Compatibility issues must be addressed not only with materials being cleaned but the 
materials used to handle the cleaning materials such as gloves and squirt bottles. Some 
solvents may not be compatible with handling materials and will leach out or  partially dissolve 
these materials, leaving a residue upon the part being cleaned. Effects upon subsequent 
operations are typically measured by cleaning the part and then performing the operation. 
Some type of physical testing is then conducted to determine if any deleterious effects are 
noted. 
Aqueous Cleaning -- 
- 
As earlyas 1984, personnel at Y-12 had begun testing aqueous cleaning systems as 
a replacement for vapor degreasers using chlorinated solvents due to concerns such as the 
possibility of formation of phosgene gas from welding operations in the vicinity of the 
degreasers. Initially, a pressure spray washer was obtained by this particular area. However, 
the cleaning obtained with this system was not adequate and other systems were then 
pursued. One  aqueous cleaning technique which was found favorable was ultrasonic aqueous 
cleaning. 
Ultrasonic cleaning works by using high frequency sound to cavitate a liquid medium. 
Cavitation creates micro bubbles which burst on the surface of the part being cleaned 
mechanically scrubbing the part. This mechanical action combined with the chemical cleaning 
action of the solution provides a powerful cleaning technique. There are several factors 
which can influence the effectiveness of ultrasonic cleaning such as frequency, liquid medium, 
and the coupling action between the liquid and the equipment. 
Frequencies for ultrasonic equipment range from approximately 20 kHz to 90 kHz. 
A minimum frequency of approximately 18 kHz is required to cavitate a liquid medium. The 
cavitational energy is inversely proportional to the frequency. Thus, the lower the frequency, 
the greater the amount of cavitational energy which in turn increases cleaning ability. 
However, some delicate parts may not be able to withstand the cavitation forces at the lower 
frequencies. Electronic components are normally cleaned at higher frequencies. 
The liquid medium also affects cieaning performance. The  viscoelastic properties of 
the liquid affect its ability to cavitate. Water has been shown to cavitate more intensely than 
organic solvents, thus aqueous systems are an ideal choice for use in ultrasonics. Properties 
such as surface tension and vapor pressure play an important role in cavitation. The  addition 
of detergent to  water will lower the surface tension and increase cavitation. Heating the 
water to  raise the vapor pressure will also increase cavitation. Optimum operating 
temperatures for ultrasonic aqueous detergent systems generally range from 50 to  60°C. 
There are several considerations which should be taken into account when selecting 
a detergent for use in ultrasonics or in other aqueous cleaning techniques. If the intent is to  
discharge to local sanitary sewer systems, determine what the local requirements are for 
discharge. Many areas have limits on phosphates, silicates or  other chemicals which may be 
found in detergents. Thus, those type detergents may not be an appropriate choice. The  
detergent selected must also be compatible with the parts being cleaned. For instance, highly 
alkaline solutions such as sodium hydroxide or  sodium ethylenediaminetetraacetic acid 
(EDTA) are not compatible with aluminum. The p H  of the solution may also affect ability 
t o  discharge to the sanitary sewer. Many detergents may leave a slight residue upon the 
surface. Ability to rinse the detergent could be a concern. Sodium compounds are very 
tenacious and difficult to rinse. If this type of residue could present a problem in subsequent 
operations then that type detergent should be avoided. The type of surfactant used is an 
important consideration and is dependent upon your particular application. Nonionic 
surfactants such as ethoxylates are generally better for oil removal. These type surfactants 
also tend to foam more so caution should be used in implementing these detergents. 
Detergents which foam should not be  used in spray systems. Anionic surfactants such as 
sulfonates are better for particulate removal and generally d o  not foam. 
As stated earlier, the operating temperature is an important factor. Higher 
temperatures (50-60°C) are optimal for cavitation properties and will soften o r  dissolve 
contaminants more readily. However, one must be careful not to exceed the cloud point of 
the detergent. At the cloud point or  the point at which the detergent becomes cloudy, the 
detergent micelles break and are no longer capable of attracting o r  sequestering the 
contaminant. Some detergents are considered high temperature detergents and are cloudy 
at low temperatures but will clear upon heating while other detergents are clear at low 
temperatures and become cloudy upon heating. 
Rinsing is another important consideration for aqueous cleaning system. 
Demineralized water is preferred not only for rinsing but in making up the cleaning bath. 
Salts or  chlorine found in tap water can cause corrosion of some metal surfaces. A portion 
of the detergent will also be used in capturing these contaminants found in the tap water thus 
decreasing the amount of detergent available to  sequester the contaminants on  the parts. 
Calcium present in tap water has also been shown to  react with metasilicates or  
pyrophosphates found in some detergents to form calcium metasilicate o r  calcium phosphate. 
T h e G  substances are opalescent gels that are-difficult to filter out and could deposit upon 
parts. Rinsing with hot water is also advisable because hot water tends to dissolve detergent 
residues more readily and evaporates more quickly decreasing the possibility of corrosion. If 
the part is rinsed until it becomes warm, the water will evaporate very readily. Agitation also 
plays a role in rinsing. More aggressive agitation such as ultrasonics will tend to knock off 
residues more readily than gentle spraying or  submersion. However, minimal amounts of 
detergent residue may not affect your subsequent processes. Thus, it would not be necessary 
to use the more aggressive agitation. 
If highly active metal is to be cleaned using aqueous methods, precautions can be 
taken to  prevent corrosion, Use of demineralized water is a must to prevent corrosion. A 
thoroughly cleaned part which does not have salt deposits or  chlorine present does not 
corrode. One can also use rust inhibitors in the rinse water to prevent corrosion. A wide 
variety of these are available on the market. A rust inhibitor should be chosen which will not 
affect subsequent steps. For instance, some inhibitors may prevent coatings from adhering 
properly and should not be used in applications where parts will be coated. 
.- . 
When using aqueous cleaning systems, drying must be considered. This step could be 
as simpIe as leaving parts out in the air to dry to as complex as a vacuum drying application. 
Drying is very dependent upon the type of part 'being cleaned. If there are nooks and 
crannies that water can be trapped in then vacuum drying may be required. Forced air drying 
may be adequate for drying many parts which do not have complex geometries. 
Many studies have been conducted to determine the effectiveness of ultrasonic 
aqueous cleaning. Figure 1 shows the results of three coupon studies conducted to compare 
ultrasonic aqueous cleaning to vapor degreasing with chlorinated solvents. In each of these 
studies, metal coupons were initially cleaned to establish a baseline level of cleanliness. One  
sample was retained as a control sample. The remaining samples were contaminated with the 
various contaminants and allowed to sit overnight. The samples were then cleaned by vapor 
degreasing in either perchloroethylene (perk), l,l,l-trichloroethane (TCA) or  
trichlorotrifluoroethane (CFE-113) for 15 min or were ultrasonically cleaned (US) in 5 vol% 
Oakite NST AIuminum Cleaner (NST) for 15 min at --55OC, rinsed by flushing in 
demineralized water and blown dry with argon. The samples were analyzed using XPS with 
the results shown in Figure 1. As shown the ultrasonic cleaning yielded sampIes which were 
as clean or  cleaner than the vapor degreasing and were more reproducible. 
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Figure 1 - Effectiveness of Ultrasonic Cleaning Versus Vapor 
Degreasing 
Ultrasonic aqueous cleaning has been in use in the Y-12 Plant since 1984. The 
technique cleans well, is reproducible and generates low toxicity water waste which is treated 
easily. The drawbacks associated with this type of cleaning technique include noise and cost. 
At the 20 kHz level, irritating subharmonics are produced that require soundproof insulation 
and/or ear protection. Capital equipment cost is another consideration which should be taken 
into account. 
Sohrent Cleaning 
Although aqueous cleaning is an attractive alternative, some cleaning requirements 
do not lend themselves to the batch cleaning mode o r  aqueous cleaning. For instance, 
cleaning parts at the machine o r  removal of materials which are not water soluble can be a 
problem. Personnel at Y-12 have investigated solvent alternatives for these type applications. 
When evaluating solvent alternatives to chlorinated solvents, the only options are other 
halogenated solvents which are nonflammable o r  combustible solvents. In order to  avoid 
characterization as a RCRA characteristic waste, the solvent must have a flash point greater 
than or  equal to 140°F. This was a major consideration in certain areas of the Y-12 Plant. 
Several studks including cleaning efficiency, compatibility, and effects on subsequent 
production operations have led to the selection of two solvents for use in the plant for 
general cleaning purposes. These solvents are Solvent 140, a high flash mineral spirits 
composed mainly of C10-C13 branched and straight chain hydrocarbon molecules, and a 
solvent blend developed, patented and licensed by personnel at the Y-12 Plant hereafter 
referred to as MMK Blend. The Solvent 140 is used in moisture sensitive areas of the plant 
because slight amount of moisture absorbed in the MMK Blend and the presence of an -OH 
group in this blend can react with materials in these areas. The MMK Blend is used in the 
remaining areas of the plant. Solvent 140 is very effective in removing oils and hydrocarbon 
contaminants since it  is a hydrocarbon. However, it tends to float on the surface of water and 
water based coolants. The MMK Blend addresses this problem and will undercut water or  
water based coolants. The blend also gives the added advantage of having a hydrocarbon 
solvent to remove hydrocarbon contaminants with a polar solvent which aids in the removal 
of more polar contaminants. 
Several studies were conducted to determine if Solvent 140 and the MMK Blend are 
effective in removing substances commonly used in the Y-12 Plant for processing including 
rust preventative oils, lapping oils, machining coolants and fingerprints. Figure 2 shows the 
results of some of these studies. The studies were conducted by initially cleaning samples of 
various steels using ultrasonic aqueous cleaning in order to establish a baseline level of 
cleanliness. The samples were smeared with the contaminant until a visible layer was seen. 
A given amount of solvent such as CFC-113, TCA, 2-pentanol, dipropylene glycol methyl 
ether (DPM), dipropylene glycol methyl ether acetate (DPMA), ethyl lactate, anisole, 
terpene, N-methylpyrrolidone (NMP), Solvent 140 or MMK Blend was sprayed onto the 
sample using a squirt bottle. The sample was then wiped dry and analyzed using XPS. 
Solvent 140 and the MMK Blend gave the best overall results of the solvents tested. 
Some concern had arisen regarding these cleanhg studies since they were performed 
on  coupons and not on actual parts. T o  alleviate these concerns, an analytical rinse study was 
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Figure 2 - Effectiveness of Solvents on Cleaning Various Contaminants 
conducted on three different part types of different sizes. Four uranium parts of each type 
which had been coated with rust preventative oil and had been sitting on  the shelf for a long 
period of time were randomly selected and cleaned by hand using current production 
processes with either CFC-113, which had currently been used in the area, o r  the MMK 
Blend. The MMK Blend was the solvent which would be implemented in this particular area. 
The  parts were then rinsed in distilled methyl chloroform to extract any remaining oil left on 
the  part. The rinse solution was evaporated to dryness, dissolved in distilled carbon 
tetrachloride and analyzed using infrared absorbance. The results of this experiment are 
shown in Table One. The parts cleaned in the MMK Blend had much less oil present than 
those cleaned in CFC-113. 
Table O n e  - Results of Analytical Rinse Experiment 
Compatibility experiments were conducted on the materials on which the solvent 
would be used as well as materials which are used to handle the solvent or  may have 
incidental contact with the solvent to determine if there would be  any problems related to the 
solvent use. Metal compatibility tests were conducted using a 72 hour immersion test with 
an artificial crevice. Both Solvent 140 and the MMK Blend were tested in this matter on 
depleted uranium (D-38) and its alloys, uranium-6% niobium and uranium-0.8% tilanium; the 
aluminum alloys 1100, 7075 and 5083; iridium; the steel alloys 15-5 PH, 4330V, 1010, and HP 
9-4-20; and beryllium. Slight oxidation was noted on the D-38 sample in Solvent 140 but was 
not perceived to be .- -.  enough - - - to be of concern. No corrosio_n was observedon the other metals 
and the solvents were approved for use. Other nonmetal% materials such as lithium hydride 
and beryllium oxide (BeO) were submerged in Solvent 140 with - no effects noted. 
Compatibility studies were also conducted on several polymeric materials such as 
polymethylpentene, polyethylene, mylar, silicone rubber, polyvinyl chloride, and diallyl 
phthalate which may come into contact with the solvent. These tests were conducted on  
Solvent 140 since it would be the solvent of choice in these areas as cornpired to methyl 
chloroform which was the solvent that was being used. The Solvent 140 had much less effect 
on the materials than did the methyl chloroform which was being used. 
Part Type CFC-113 Cleaned MMK Blend Cleaned 
Oil Remaining pg Oil Remaining 
" - 
- - 
Long term iompatibility issues were also addressed;sing t k o  different means. A test 
unit was built using Solvent 140 for cleaning purposes replacing the methyl chloroform and 
1 
2 
3 
CFC-113 which was being used in this area. This unit was subjected to temperature cycles 
under standard operating conditions. The unit exhibited no ill effects from the use of Solvent 
140. 
1922 & 868 
2413 & 1067 
609 & 206 
674 f 189 
1419 f 355 
387 f 107 
Compatibility of gloves used in handling the solvent was also addressed due to 
workers' health concerns and to possible contamination resulting from the use of the gloves. 
Weight gain studies were initially conducted on polyethylene, neoprene, butyl, latex, nylon, 
nitrile and vinyl gloves. Permeation studies were conducted on nitrile and latex gloves which 
had the best compatibility results. Tests were also conducted to determine possible 
contamination which may result from use. From these tests, nitrile gloves were recommended 
for long term or submersion use while latex was recommended for use in short exposure 
conditions. 
Another major concern with changing solvents used in cleaning applications was the 
effect on subsequent production.operations. Several evaluations have been conducted to 
determine effects on bonding, welding and painting. 
Bonding studies were initially carried out that evaluated the effect on bonding of 
Solvent 140 or the MMK Blend when used to clean certain substances from surfaces to be 
bonded. Initially steel butt tensile specimens were ultrasonically cleaned in aqueous 
detergent, rinsed and allowed to dry in order to establish a baseline level of cleanliness. 
Three sets each of these samples were retained as controls. The remaining samples were 
coated with the substance which was to be removed and the substance was allowed to dry. 
Three sets each of the samples were cleaned with a given amount of solvent and bonded. 
The specimens were allowed to cure and tested for ultimate tensile strength. The Solvent 140 
and the MMK Blend gave strengths in the same range as the CFC-113, methyl chloroform 
or other solvents typically used except in one instance. In this particular case, there was not 
adequate adhesive to cover the surface on one specimen which caused the strength to be 
lower then the remaining specimens and caused the average strength to be lower. If this data 
point were neglected, strengths were in-line with other strengths obtained. 
Bonding studies were also conducted to determine the effect of Solvent 140 for a final 
cleaning on certain substrates. Butt tensile specimens of B e 0  and beryllium were initially 
cleaned ultrasonically in aqueous detergent, rinsed and allowed to dry. Five sets of these 
specimens were retained as control samples. Five sets each of the remaining specimens were 
cleaned with Solvent 140 or methyl chloroform which was the solvent being used in the area. 
The B e 0  specimens were bonded with an epoxy formulation while the beryllium specimens 
were bonded with a urethane. AH of the test specimens were cured, and tested for ultimate 
tensile strength. No negative effects were seen from the use of Solvent 140. 
Two bonding studies were also conducted on aluminum substrates using adhesives 
which had not been used in prior studies. These adhesives were Epon 828/Epon 871/N- 
aminoethylpiperazine and Accrabond PR14368. The specimens were initially treated using 
a standard Forest Product Laboratories (FPL) chromic acid etch. Five sets of samples were 
retained as control specimens while five sets each of the remaining specimens were cleaned 
with Solvent 140 or methyl chloroform. The samples were bonded, cured and tested for 
ultimate tensile strength. No deleterious effects were noted from the cleaning medium. 
Welding is another operation which follows cleaning that was of concern. In order 
to address this concern, a study was conducted on electron beam (E-beam) welding of 
aluminum. Aluminum was chosen because it is known for being sensitive to hydrocarbon 
contamination when welding. E-beam welding is also one of the welding techniques which 
is more susceptible to problems due to contamination. The major concern was that since 
Solvent 140 evaporates slowly that some residual solvent may be present on the surface 
during welding. This would increase pumpdown rates and the hydrocarbon contamination 
from the solvent may cause blow-outs in the weld or  lead to weld porosity. A total of 30 
aluminum alloy 5086 weld rings with a square butt joint with an alignment step were used for 
the study. A narrow weld was chosen to increase the probability of retaining any porosity in 
the weld. Root voids are common in narrow aIuminum welds and were anticipated in this 
experiment. Half of the rings were to be cleaned using methyl chloroform which is the 
solvent that was currently in use in the production area. The  remaining rings were cleaned 
with Solvent 140. No difference was seen in the pumpdown rates due to the cleaner used and 
no blow-outs were noted. The rings which were cleaned with Solvent 140 had significantly 
less porosity (6.47 f 7.07 pores) than those cleaned with methyl chloroform (21.53 f 22.488 
pores). 
A laser bcam welding study was also conducted on stainless steel parts by personnel 
at Lawrence Livermore National Laboratory which compared Solvent 140 to  CFC-113 for 
cleaning of welds. Hydrostatic burst pressure tests of weld qualification coupons were 
performed to vcrify the integrity of the welds for each cleaning method. The burst pressure 
values were independent of cleaning procedures for the welds. 
-- 
- - 
- 
-- 
Painting studies have been conducted on two different substrates, aluminum and 
nickel. Aluminum test panels were cleaned with Solvent 140 and a urethane coating applied. 
The panels were then submitted to a steam test. No loss of adhesion was noted due to 
cleaning with ~ o l v e n t  140 as compared to prior cleaning techniques using methyl chloroform. 
Nickel panels were also cleaned with Solvent 140 and then coated with an epoxy primer 
followed by a urethane topcoat. Steam tests were again conducted with no differences noted 
in adhesion. 
Due to the success of these tests, these solvents were implemented at the Y-12 Plant 
and have been successfully utilized since 1991. No major problems have been noted with 
their use. As with any alternative, there are some drawbacks associated with these solvents. 
These are higher flash point solvents and they do evaporate much slower than the chlorinated 
solvents. This requires adjustments in handling. These solvents are also combustible and 
require different Landling techniques to comply with Occupational Safety and Health 
Administration (OSHA) regulations. However, these drawbacks can be overcome. 
- 
In implementing alternatives, consideration should be given to levels of cleanliness, 
compatibility issues, effects on subsequent production operations and compliance with various 
regulations. Testing should be conducted for specific applications as one technique may not 
work for all applications or contaminants present. Personnel at the Oak Ridge Y-12 Plant 
have been able to successfully implement ultrasonic aqueous cleaning and cleaning with 
alternative solvents in a production environment. Some drawbacks are associated with the 
alternatives but these drawbacks can be overcome and a successful substitution program can 
result. - 
- - 
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Abstract 
The standard tests for determining non-volatile residue accretion on spacecraft surfaces and in 
clean processing facilities rely on the use of halogenated solvents that are targeted for elimination because 
of their toxic or ozonedepleting natures. This paper presents a literahue-based screening muvey for 
candidate replacement solvents. Potential replacements were evaluated for their vapor pressure, toxicity, 
and solvent properties. Three likely candidates were identified: ethyl acetate, methyl acetate, and acetone. 
Laboratory tests are presented that evaluate the suitability of these candidate replacement solvents. 
Introduction 
Control of contamination during processing and integration of spacecraft and launch vehicles is 
fundamental to insuring mission performance and longevity. Molecular contamination, or non-volatile 
residue (NVR), is limited by selection of materials and the control of procedures and facilities. Diagnosis 
of NVR accretion rates is accomplished using witness plates as described ASTM E 1235-88 ("Standard Test 
Method for Gravimetric Determination of Non-volatile Residue (NVR) inEnvironmentally Controlled Areas 
for Spacecraft"). A solvent wipe test documented in USAF Space Systems Division TR-8943 ("Standard 
Method for Measurement of Non-volatile Residue on Surfaces") is used to assess hardware cleanliness. 
These documents, or tailored versions, often define contractual requirements for US spacecraft procurement 
and launch (Farren et al, 1987, 1989; Borson, 1993). These practices rely on the use of dichloromethane 
(methylene chloride), which is targeted for reduction under the EPA 33/50 program and the Clean Air Act, 
or a mixture of ethanol with 1,1,1 trichloroethane (methyl chloroform or TCA), which is a "Class 1 " ozone 
depleting chemical. 
This paper describes a literature-based screening and laboratory tests of candidate "drop in" 
replacement solvents for these two tests. To insure a well understood heritage to existing practice, 
materials' solvent properties, vapor pressure, cleanliness and stability, safety and health issues, and 
environmental issues were evaluated. 
Some general guidelines were followed in selecting the initial set of solvents for screening. 
Materials that are Class 1 ozone depleting chemicals were not considered as viable replacements for 
methylene chloride and TCA, for obvious reasons. Only pure. materials, not commercial mixtures were 
considered. Aside from a philosophical desire not to endorse one vendor's mixture over another, relying 
on a proprietary mixture (which may be subject to unannounced changes in formulation) is undesirable in 
a standard practice. 
These two NVR tests were designed originally to provide a method for cornporing facilities d 
ascertaining facility cleanliness trends, but not necessarily to provide an absolute quantitative determination 
of a specific type of NVR (Borson, 1994). Therefore, it is important to remember that the goal of finding 
a replacement solvent for these standard tests is not d l y  to find the "best" solvent for a specific type 
of mn-volatile residue. Rather, the goal is to find those replacement solvents which most closely match 
the solvemt properties of methylene chloride and tbe NVR mixture. Initial screening of commonly available 
organic solvents relies on the "Hpnseo panu&.ersn characterization of solvents (Barton, 1983). These 
panmeters provide a quantitative representation of the "like dissolves like" rule of thumb so familiar to 
chemists. 
Candidate solvents must have vapor pressures similar to dichloromethane or the TCAIEtOH 
mixture. If the vapor pressure is too high, the test c a ~ o t  be completed under standard laboratory 
conditions. If the vapor pressure is too low, the evaporation process for the gravimetric analysis will take 
too long, which would result in an unacceptable turn-around rate and risk contamination of the test sample. 
In the extreme case, the vapor pressure of the solvent may become comparable to the vapor pressure of 
the "nonvolatile" residue beiig diagnosed. The NVR tests, as modified, may involve the use of hazardous 
materials, operations, and equipment. Caodidate solvents are screened on the basis of 8 hour threshold 
limit values, compared with their room temperature vapor pressures. 
The overall results of candidate solvent screening are captured in a semiquantitative selection 
matrix. Three promising candidates for replacement solvents emerge from this screening: ethyl acetate, 
methyl acetate, and acetone. Controlled evaluations of these candidate solvents, from this laboratory and 
elsewhere, confirm that they are promising substitutes for halocarbons in standard NVR tests (King and 
Giordano, 1994; Walter and Parker, 1994). 
Solvent Properties !keening 
In selecting a solvent for any particular application, chemists generally rely on the rule of thumb 
that "like dissolves like. " For example, a non-polar solute, like a saturatd hydrocarbon, is generally best 
dissolved by a non-polar solvent. Therefore, in selecting replacements for dichloromethane and the NVR 
solvent blend, one looks for a solvent that is as much "like" them as possible. 
One quantitative approach to "likeness" is to use "solubility parameters" to describe the solvents 
(Barton, 1983). One of the simplest of these parameters, the Hildebrand parameter, is related to the 
whesive energy density (cohesive energy per unit volume). The cohesive energy is the energy associated 
with the net attractive interactions of a material (as compared to an ideal vapor at the same temperature. 
The cohesive energy density, c, is given by 
where U is the total molar whesive energy and V is the molar volume. The units of c are the same as 
pressure. The Hildebrand parameter, 6, is defined as  
8 =c"  (2) 
Barton explains the rationale for quantifying solubility in terms of molecular cohesion as follows. 
-- 
- - 
A material with a high 6 value requires more energy for dispersal than is gained by 
mixing it with a material of low cohesion parameter, so immiscibility results. On the 
other hand, two materials with similar 6 values gain sufficient energy on mutual 
dispersion to -- permit mixing. 
A refinement of the Hildebrand parameter consists of the threecomponent Hansen parameters. 
Hansen proposed dividing the total whesive energy into terms corresponding to dispersion forces, polar 
forces, and hydrogen bonding, as shown in Eq. (3). 
The tdnl HPnsen parame&, 4, is equivalent to the Hildebrand parameter. The HPneen pammtm do not 
take into account my specific chemical or ionic intemdions. They provide an estimrte of the properties 
of mixtures considering ody the propertie of the individual wmpo~&. BPrton tabulates H~asea 
pamme&m for a wide variety of organic chemicals. Figure 1 presents the total prrrPmeter, aa a tuu graph, 
for a variety of organic solvents. 
The Hansen parameters are used hem to identify likely candidate replacement solvents.' The most 
compact comparison is provided by considering the magnitude of the vector (in H~nsen pPrPmeter space) 
from methylene chloride or NVR solvent to the candidate solvent. The length of the vector from methylene 
chloride @CM) to solvent i is given by 
with the distance to NVR solvent defined analogously. Figure 2 shows the vector differences between the 
various solvents considered and dichloromethsne and NVR solvent. The best matches appear to be methyl 
isobutyl ketone, methyl ethyl ketone, n-butyl acetate, methyl acetate, ethyl acetate, and tetrahydrofuran. 
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Figure 1. Total Hansen solubility parameter (MPa)% for various solvents. The vertical lines 
show the raage from 1,1,1 trichloroetbane to dichlommethane. 
* The Hansen parameters for NVR solvent were estimated using the volume weighted average of 
the parameters for 1,1,1 trichloroethane and ethanol. 
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Figure 2 Vector difference in Hansen solubility parameter (MPa)" for various solvents 
compared to dichloromethane and NVR solvent blend. 
Vapor Pressure Analysis 
- 
A solvent used for non-volatile -- residue - - -  analyses needs to have an appropriate vapor pressure near 
room temperature. The vapor pressure cannot be so high that the &~vent is difficult to handle during 
rinsing of witness plates or wiping hardware under test. Conversely, the vapor pressure must not be so 
low that the n e a r - r o o m - i e ~ ~ ~ i e  evap.&ion G&Gi&e graviiietric analyses takes an excessively long 
time.' Vapor pressure data were obtained from standard reference works (Lide, 1993; Stecher, 1968; ~ i i  
and Carter, 1993). ~ i ~ u r e T i h o w s  -- - -- the G@ipGEG at 25°C for tbe solvents considered. The two 
vertical - -- lines indicate the range of useful vapor --- &ssures, - -- - as determined from experience. Diethyl ether 
is about as volatile a material as one would want to handle in the NVR tests. Isopropyl alcohol is about 
as non-voIati1e as w a d  - be desirable. -- -- - -  - - 
- - 
-- . 
 his sorting of the solvents considered suggests that diethyl ether, acetone, methyl acetate, 
tetrahydrofuran, hexane, methanol, methyl ethyl ketone, cyclohexane, acetonitrile, ethyl acetate, ethanol, 
heptane, and isopropanol are viable candidates for replacing dichloromethane and the NVR mix. 
- - - - 
. - 
-- 
- 
* Note that-this requirement for a moderate vapor pressure differs from what one would wish in a 
cleaning solvent used to wash parts (e.g. in an ultrasonic cleaner). In that case, low vapor pressure 
(evaporation rate) is a virtue. 
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figure 3 Vapor pressure, in Ton, at 2% for various solvents. Tbe bold vertical bars indicate 
the practical working range for NVR analysis. 
Hazard Evaluation 
Handling organic solvents presents both toxicity and flammability hazards. Almost all conceivable 
substitutes for the chlorocarbon and chlorofluorocarbons used in NVR analysis present one or both of these 
hazards. For the purpose of this screening, three figures of merit were examined: (1) the "Threshold 
Limit Value" for exposure to the material; (2) an inhalation hazed ratio @IR, defined as the ratio of the 
saturated vapor concentration at 25°C to the TLV, Walter and Parker, 1994); and (3) the "Flash Point." 
The inhalation hazard ratio gives a feel for the degree of ventilation required for handling the material in 
question. Since virtually all the credible short-term replacements for ODC's in the NVR tests are volatile 
and flammable, the flash point data are not given significant weight in screening potential solvents. 
Threshold limit value and flash point data were taken from standard literature sources (Lide, 1993; 
Lenga, 1988). Table 1 presents the data. TLV's and IHR's with zero values indicate &at no TLV data 
were available for those materials (ethyl lactate, dimethylsulfoxide, and the pyrrolidoaes). All of the 
materials examined for which the TLV data are available show a lower IHR and higher TLV then 
dichloromethane. However, several are more hazardous, by both measures, then 1,1,1 trichloroethane, 
the more hrvmrdous part of NVR solvent. Table 1 indicates other hazard infofmption. Some of the 
materials are Class 1 ODC's. Several are on the EPA 17 list. Dimetbylsulfoxide is an efficient skin 
penetrant, making it particularly dangerous when contaminated with other pdentially toxic materials. 
Dichloromethane is a suspected carcinogen. Like most ethers, tetrahydrofuran can decompose into 
explosive peroxides. 
Table 1. Flammability and toxicity h a n d  -mat for various organic compounds with potential 
application as NVR solvents. 
Solvent Flash TLV Inhalation Comments 
Point ppm Ratio 
1 , 1 ,1 -trichloroethane uone 350 45 1 Class 1 ODC 
2-propanol 12 400 140 
2-pymlidone 110 no TLV data 
acetooe -19 750 386 
acetonitrile 6 40 2888 
cyclohexane -18 300 3% 
dichloromethane none 50 11 184 carcinogen, EPA 17 
diethyl ether -45 400 1806 
dimethylsulfoxide 88 skin penetrant, no TLV 
ethanol 12 loo0 74 
ethyl a d a t e  -4 400 288 
ethyl lactatei0 49 no TLV data 
ethylene glycol 11 1 50 3 
Freon 1 13 48 1OOO 434 Class 1 ODC ' 
heptane -4 400 141 
hexane -22 50 3816 
methanol 11 200 796 
methyl acetate -16 200 1375 
methyl ethyl ketone -6 200 630 EPA 17 
n-butyl acetate 22 1 50 112 
n-methyl-2-pyrrolidone 86 no TLV data 
tetrahydrofuran -14 200 1086 expIosion hazard in distillation 
toluene 4 50 703 EPA 17 
Screening Suriimary - 
In this section - a semiquantitative combination of screening data is presented, and _clapdidate 
replacement solvents are identified. The r a h g  scales were designed to give heaviest weighting to the 
solvent properties, as described by the Hansen parameters. Roughly equal weighting was given to vapor 
pressure and toxicity. 
- - .  - - 
To put the Hansen par&eter analysis on a roughly "one to10 scale," the following fiGres of 
merit for solvent i were calculated. [See Eq. (4).] A quantity Hansen NVR is defined analogously. 
Hansen DCM = 
(20 -dlmM) 
CI 
- 
- - - -. - -  - 
Table 1 shows that virtually all of the solvents under consideration require some degree of 
ventilation. Therefore, the TLV, not the IHR was used as a rating parameter. To put the data on a 1-10 
scale the TLV in volume ppm was divided by 100. If a candidate solvent is on the EPA 17 list, the 
toxicity rating was arbitrarily assigned a value of -5. Materials for which no TLV &@-_were available 
- - 
received a zero score inthis category. A fairly insensitive rating scale f6r vapor pressure was chosen, the 
logarithm to base 10 of the 25°C vapor pressure of the material, in Torr. This provided a scale spanning 
roughly -3 to +3. The individual rating data (rounded to integer values) are presented in Table 2. The 
total ratings are shown in Figure 4. The cbosea s d e  provided b e P c W  values for NVR m1vent a d  
dkhloromethane of about 25. Five potential solvent nplacememts rated above 20 oa this acrle: acetone, 
W y l  ether, ethyl acetate, methyl acetate, md tetrpbydofuran. 
l'be hazard properties of the two ethars (diethyl ether a d  tstnbydrofursn) militab rgPinst their 
use in NVR testing. Diethyl ether is at the extreme high end of the range of useful volatility, and p-ts 
a severe fire and explosion hazard. Tetrahydroban, a cyclic ether, shares a property common to many 
ethers: it can decompose to form explosive peroxik. 'Inhibited" moterials are available, but this hvolves 
con tamination, for example with 250 ppm of butylated hydroxytoluene, which is a solid with a 69°C 
melting point (Anon, 1992). 
In the overall rating, acetone scored among the top candidates. This rating is somewhat 
misleading in that acetone scored high in the toxicity benchmarl, but lower in the solubility benchmarks. 
Furthermore, it is substantially mote polar t b  the solvents for wbich replacerneats are aought. However, 
this difference may not be as significant as it appears. Barton has pointed out that the polar foras are 
much less important than hydrogen bonding forces. Testing has shown that acetone is not as effective for 
some greases as other solvents (King and Giordano, 1994; Walter and Parker, 1994). However, it has 
some advantages. It is readily available at many laboratories. Indeed, it is already an approved material 
for use at many US launch sites. (Tlus is a significant bureaucratic hurdle.) Its toxicity and vapor presnve 
range are attractive. Finally, it has often been mentioned as a candidate for cIeaning and NVR diagnosis, 
so additional data on its utility will likely hun out to be useful. 
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Table 2. Summary of "figures of merit" for solvent properties, toxicity, and vapor pressure. 
Solvent Hansen Hansen Toxicity Vapor Total 
DCM NVR Pressure 
NVR Solvent' 9 10 4 2 25 
1 , 1 , l-trichloroethane 8 8 4 2 22 
dichloromethane 10 9 4 3 26 
----"""--""--------------5--------55----5-------------------------------- 
2-propanol 5 4 2 15 
2pyrrolidone 4 3 -2 5 
n-methyl-2-pyrrolidone 7 6 - 1 13 
acetone 8 7 8 2 25 
acetonitrile 4 4 0 2 10 
cyclohexane 6 6 3 2 16 
diethyl -ether 7 8 4 3 22 
dimethylsulfoxide 5 4 0 8 
ethanol 3 3 10 2 18 
ethyl acetate 9 9 4 2 24 
ethyl lactate 7 7 0 13 
ethylene glycol 0 0 1 - 1 -1 
heptane 5 6 4 2 17 
methanol 1 1 2 2 7 
methyl acetate 8 9 2 2 2 1 
methyl ethyl ketone 8 8 -5 2 13 
n-butyl acetate 8 9 2 1 20 
hexane 5 6 1 2 14 
tetrahydrofuran 9 9 2 2 22 
toluene 7 7 -5 1 10 
- - 
a. Assuming 1,1,1 trichloroethme vapor pr-e. - 
Experimental Results 
The first part of experimental testing was to ascertain the availability of solveats of suitable purity 
for this application. A review of organic chemical vendors revealed that ACS HPLC grade materials a& 
available for both acetates (at < 3 ppm evaporation residue specification) and acetone (< 10 ppm). The 
-- - 
price for these solvents is approximately $2D~p"'P"'Er. Table 3 shows examples of laboratory tests, 
following the procedure in ASTM E 1235 to evaluatethe achieved cleanliness for some samples of the 
esters, compared to HPLC dichloromethane and "anhydrous" TCA. Note that these &ta evaluate both the 
purity of the solvent and the 'technique" of the experimenter. The data Shown in Table 3 justify the use 
of the "as received" HPLC grade solven er purit?cath, & the laboratory test program. 
- 
- - --- 
The suitability of the candidate replacement solvents is being tested using both adventitious 
contaminants obtained by exposing witness samples to various controlled and uncontrolled environments 
and by using samples prepared with known amounts of pure and mixed contaminants. The model 
contaminants include lubricants used in the Titan IV program, hydrocarbons, siloxanes, and phthalate 
esters. Test plates of 1 sq. ft. area that can be precontaminated by evaporating prepared solutions were 
fabricated for controlled surface wipe 2&ts. 
Table 4 presents anexample of an ASTM E1255-88 stainless steel witness plate test for samples 
that were exposed in the Aerospace Corp. machine shop for about 1 month, then bagged together for -3 
m01~t.h~. The agreement between the results for the standard sotvent and ethyl acetate is strikingly good. 
Table 3. Solvent NVR tests, 60 ml samples. 
Solvent Test 1 Teat 2 
Residue ppm Mean Std. Residue pprn Mean Std. 
(s) Dev. (s) Dev. 
Dichloromethane 0.00007 0.9 0.9 0.1 0.00013 1.6 2.0 0.31 
0.00008 
0 . 0 6  
Ethyl Acetate 0.00026 
0.00017 
0.00022 
Methyl Acetate 0.00002 
0.00007 
0.00018 
Trichloroethane 0.00034 
0.00028 
0.00023 
Table 4. ASTM E 1235 test comparison between dichloromethane and ethyl acetate 
Measured Mass Solvent - - 
(I?) Dichloromethane Ethyl Acetate 
NVR 0.00064 0.00075 
Table 5 presents results from a controlled surface wipe test experiment. In this case, the test 
plates were contaminated with an aliphatic hydrocarbon, squalane, dissolved in heptane (certified to an 
evaporation residue of less than 1 ppm). These initial results are not quite as promising as those for the 
ASTM test. Further experimentation with a variety of contaminants is clearly required. Also, in 
performing these tests, it was observed that the methyl acetate evaporated very rapidly, while the wipe was 
being performed. This observation, and the fact that methyl acetate is somewhat more toxic than the other 
solvents, may militate against its use for the wipe test. 
Table 5. Test results for NVR wipe of test samples precontaminated with squalane 
Solvent Applied NVR Sample NVR Blank NVR Test NVR 
~ t h ~ i  ~ce ta te  0.00362 0.00306 0.00218 0.00088 
"NVR" Solvent 0.00369 0.00514 0.00209 0.00305 
Summary and Conclusions 
The standard tests for determining aon-volatile residue accretion on spxcrafi  s u h u s  and in 
clean processing facilities rely on the use of halogenated solvents that are targeted for elimination because 
of their toxic or omnedepleting natures. A literature-based screening survey for candidate replacement 
solvents has been described. Potential replacements were evaluated for their vapor pressure, toxicity, and 
solvent properties. Three good candidates were identified: ethyl acetate, methyl acetate, and acetom. 
b r a t o r y  tests have c o d i m d  that commercially available materials, in ACS HPLC grade, are 
adequate for this task, for the esters. Laboratory testing using model and adventitious contaminants has 
shown that the esters are promising candidate materials for replacing halocarbons in the standard spacecraft 
NVR tests. This general conclusion is supported by, other testing of potential NVR and cleaning solvents 
at Martin Marietta (King and Giordano, 1994; Barrows, 1994) and elsewhere (Walter and Parker, 1994). 
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ABSTRACT 
HD-2 grease is deliberately applied to Shuttle Redesigned Solid Rocket Motor (RSRM) D6AC 
steel hardware parts as a temporary protective coating for storage and shipping. This HD-2 grease is the 
most common form of surface contamination on RSRM hardware and must be removed prior to subsequent 
surface treatment. Failure to achieve an acceptable level of cleanliness (HD-2 calcium grease removal) is a 
common cause of defect incidence. Common failures from ineffective cleaning include poor adhesion of 
surface coatings, reduced bond performance of structural adhesives and failure to pass cleanliness 
inspection standards. The RSRM hardware is currently cleaned and refurbished using methyl chloroform 
(l,l,l-trichloroethane). This chlorinated solvent is mandated for elimination due to its ozone depleting 
characteristics. This report describes an experimental study of an aqueous cleaning system (which uses 
Brulin 815 GD) as a replacement for methyl chloroform. Evaluation of process control parameters for this 
cleaner are discussed as well as cleaning mechanisms for a spray-in-air process. 
Testing documented in MSFC Technical Report EH33P2-5, published previously, determined that 
an acceptable level of cleanliness can be achieved with application of a spray-in-air (SIA) process which 
utilizes aqueous based cleaner formulations. HD-2 contaminated D6AC plates were cleaned using this 
aqueous method and subsequently bonded for tensile adhesion testing. The test specimens produced 
cohesive failures within an EA913NA adhesive bond line. The RSRM nozzle fixed housing bond line 
utilizes EA913NA adhesive and is considered "sensitive" to HD-2 Calcium grease surface film levels above 
5 mg/ft2. 
This report documents a study to further evaluate the spray-in-air process utilizing Brulin 8 15 GD 
cleaner and the mechanisms of this cleaning method. The ultimate goal is to qualify an environmentally 
compliant cleaner such as Brulin 815 GD to replace the current chlorinated cleaning system, methyl 
chloroform. 
The test objeclives of this stucly we_reeas follows: 
1) Evaluate the main effects and interactions of the following control factors used in spray- 
in-air aqueous cleaning of MAC steel: pressure, cleaner temperature, cleaner mix ratio, 
and cleaner soak time. 
2) Determine if cleaning with ambient temperature cleaner solution will yield acceptable 
bond strengths with the other factor settings optimized. 
3) Determine effects of any residual cleaner and HD-2 grease on an OpticaIIy Stimulated 
Electron Emission (OSEE) measurement and on tensile adhesion strength. 
The aqueous cleaner used in this study was Brulin 815 GD (Brulin & Company Inc. of 
Indianapolis, IN). The cleaner is a biodegradable liquid which is mixed with tap water to desired mix 
ratios for various cleaning applications. The cleaner contains no "butyl" or petroleum solvents but does 
contain a ferrous metal flash rust inhibitor for temporary corrosion protection. The chemical composition 
includes detergents, nonylphenoxypolyethyleneoxyethanol(5-10%) and alkaline cleaners. 
The adhesive, EA-VI3NA. is supplidby Dexter Hysol and is currently used to bond nozzle 
insuIationcomponents in the RSRM . The manufactureirate of the test adhesive (Lot 0064) was August 7, 
1993 with an expiration date of-August 7, 1994. This adhesive wafclio~nbecause it is extremely sensitive 
to minute amounts of HD-2 grease contamination on metal substrates.. 
The silane primer used in this study is a Thiokol formulation designated UF-3296. This primer 
was used onIy on the button side of the specimens to drive the failure mode down to the test panel. The 
detailed formulation is described in Thiokol specification STW5-3215. 
The equipment used to wash the test panels in this study was an enclosed high pressure parts 
washer. The washer (Model 550) is a spray-in-air type unit manufactured by ADF Industries and was 
modified to prevent the cleaner solution from being recycled. Therefore, when panels were cleaned they 
were always sprayed with "virgin" cleaner solution. The machine also has a pressure adjustment valve 
which allows the user to adjust the pressure from 75 to 675 psi. The corresponding flow rates at these 
pressures were approximately 0.5 and 4 gpm, respectively. The spray gun used a fan type nozzle (Binks 
nozzle no. 1508) which produced a 4 inch wide fan at a standoff distance of approximately 8 inches. 
The specimens used in these tests were'4 X 8 inch D6AC steel plates. SiIane primed tensile 
adhesion buttons having 1.0 square inch bonding area were bonded to each plate. A total of seven tensile 
adhesion buttons were bonded to each plate with one plate representing one run of the test matrix shown in 
Table 1. 
M A C  steel test panels were placed in a methyl chloroform vapor degreaser conforming to MIL-T- 
81533. The aegreasiig time was 15 minutes. Surface preparation grit blast was performed using 60 mesh 
silicon carbiae grit at 80 psi and a 90 degree grit blast angle. The grit brast operation was intended to 
achieve a 125 Ra nominal finish. Following the blasting operation D6AC steel test specimens were placed 
in a vapor degreaser with methyl chloroform conforming to MIL-T-81533. The degreasing time was 15 
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minutes. The specimens were removed from the degreaser and checked for stains. Additional degreasings 
were permitted if stains were found. Bonding surfaces were prepared by grit blasting surfaces of each test 
specimen using "virgin" 100 to 200 mesh Zirclean grit. A grit blast pressure and angle of 80 psi and 45 
degrees was used. A 4 to 5 inch standoff distance for the blast gun was also used. The resulting speed of 
travel was approximately 3-4 inches per second. The grit blast dust was removed using missile grade air. 
It should be noted that normally the nozzle grit blast pressure, angle, and standoff distance for RSRM 
nozzle hardware is 40-70 psi, 45-90 degrees, and 12 to 15 inches. However, due to differences in this test 
grit blasting chamber the pressure and standoff distance were adjusted (as stated above) to produce the 
uniform dull white bonding surfaces called out in the RSRM manufacturing instructions. 
Baseline OSEE inspection was performed within 5 minutes of grit blasting and the readings were 
documented. A heavy layer of HD-2 grease was applied to the test panels using a poly-foam brush. The 
test panels were placed in an oven for 24 hours at 1W.5 OF to allow grease to flow into the micro crevices 
of the test panels. Excess grease was scraped from each test panel using wooden tongue depressors. More 
than one pass with the tongue depressor was necessary. Each panel was cleaned according to the factors 
shown in Table 1. The panels were placed vertically for cleaning. Figure 1 illustrates the parameters of the 
cleaning cycle. The panels were rinsed using deionized water pressurized to 75 psi in a small pressure 
rinser. The test panels were dried using missile grade air. The test panels gere placed in a nitrogen purged 
plastic bag for transport to the OSEE laboratory. They were situated such that the bag surface did not 
contact the bonding substrate of the panels. 
OSEE inspection was performed and the measurements were documented. Visual and black light 
inspection was performed and the approximate amount of grease remaining on the surface of the panel was 
documented. Coverage was estimated and documented in terms of percent. The test panels were placed in 
a nitrogen purged bag and transported to the lay-up facility. 
The adhesive was prepared in accordance with Thiokol specification SW5-3292 followed by 
vacuum mixing for 15 minutes (mix time was recorded). Seven tensile buttons were bonded to each 
prepared tensile plate for each run from the Table 1 matrix. All tensile buttons had a 30 + 5 mil bond line 
thickness. Lay-up start times and lay-up finish times were recorded. The test specimens were cured at 
105k5OF for 72 hours minimum. 
Figure 2 is a flow diagram of the fabrication process used for these test specimens. 
All sixteen of the test panels used in this study were processed in a controlled manner so that the 
elapsed time from operation to operation was the same for each panel. For example, each panel was un- 
bagged, grit blasted, OSEE inspected, and re-bagged before,the next panel was un-bagged. The cleaning, 
rinsing and bonding processes used for the panels were also performed in this manner. 
OSEE inspection was also performed for each panel. The data were reduced to a difference 
between the baseline OSEE reading taken when the panel was clean and freshly grit blasted and after the 
panel had undergone its designated cleaning cycle. The data were reported in terms of centivolts which 
indicated the amount of ultraviolet light reflected off of the surface of the test panel. 
Visual and black light inspection was performed on each of the panels to quantify the amount of 
grease remaining on the surface of the panels. Grease coverage was estimated and documented in terms of 
percent coverage. 
Tensile adhesion testing was performed to determine the effect of the specified cleaning process 
on bond strength for each of the panels. As mentioned Hysol EA-913NA adhesive was used in this study 
because of its high sensitivity to HD-2 grease contamination. Seven tensile buttons were bonded to each 
test panel using Teflon spacers which yielded a 0.030 inch bond line thickness. The specimens'were pulled 
at 72 S ° F  with a crosshead speed of 0.05 inch per minute. 
Visual inspection of the test panels indicated that eight of the panels were successfully cleaned 
using the described factors. A successful cleaning was defined as a panel in which no grease remained on 
the bonding surface (as evident from the black light inspection). In addition, panels which were 
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Finish Using 60 Mesh Silicon Carbide 
Grit at 80 Psi and 90 Deg 
Missile Grade Air at 80 Psi 
Grit at 80 Psi, 45 Deg, and 4-5 
In. Standoff Distance 
Remove Grit Dust Using 
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And Blacklight Inspection 
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Cure Test Specimens At 
Cure Cyde Time And Temp 
Per Test Matrix 
Temperature 
Mix Ratio 
Soak Time I T , 
Figure 2 Test Specimen Preparation Flow Diagram 
Clean Panels Using Runs 
Describe in Table 1 
4 
1 
successfully cleaned also exhibited fast dry times following the rinsing operation. Six of the test panels 
appeared visually clean following the cleaning sequence and also yielded high tensile adhesion strengths. 
Optically Stimulated Electron Emission readings were taken to provide a delta value between the 
baseline OSEE reading taken when the panel was clean and freshly grit blasted and after the panel had 
undergone its designated cleaning cycle. These values are shown in Table 2. 
Also listed in Table 2 are the results from black light inspection of the panels. This method 
provided a more striking indication of the residual grease remaining on the panels. Each panel was 
inspected and given a percent residual grease value (0 - 100%). 
The results of the tensile adhesion testing are tabulated in Table 2 and graphed in Figure 3. The 
panels which appeared "clean" through visual and black light inspection had the highest tensile adhesion 
strengths as expected. Panel to panel comparison of these "clean" panels shows individual tende button 
strengths with less variation from button to button on a panel. The failure modes for these panels were 
almost exclusively cohesive failures. The panels with a percentage of residue remaining typically resulted 
in adhesive failure modes. The tensile strengths from these panels depended primarily on location of button 
bonding on the panel. 
Initial intentions on measuring the foaming affects of Brulin 815 GD consisted of spraying the 
cleaner onto a vertically oriented 8 X 12 inch clean steel plate and catching the solution in a transport pan 
as it drained off. Once this was done the solution was to be transferred into a 3500 ml graduated beaker 
where the amount of liquid and foam could be measured. However, during the test it was surprising to 
observe that foaming of this cleaner at 10% or 30% and 675 psi yielded a post spray solution which 
consisted entirely of foam. The foam varied in density as part of the slurry could be poured while other 
parts were more like soap suds. Due to a lack of a controlled method for characterizing the ability of the 
Brulin 815 GD to foam the factor was not investigated further in this test. 
As shown in Table 2 the factor having the greatest effect on black light, OSEE, and tensile 
adhesion strength was spray pressure. This is due primarily to the mechanical energy of the spray stream 
which breaks the grease down into a very thin layer allowing the Brulin 815 GD to effectively interact and 
remove the remaining grease. This displacement ability of pressure can be seen in the high and low 
pressure condition of the post cleaned panels. Inspection of these low pressure panels revealed streaks 
which in some cases appear clean and in others appear streaked with grease. The scraping was not 
performed with a "true" straight edge across the width of the scrape, thus an uneven jpase layer was 
produced for the cleaner to interact with. The thin layers of grease were effectively cleaned (at 75 psi spray 
pressure) while adjacent thick areas of grease were not. A button-to-button comparison on individual 
panels sprayed at low pressure reveaIed a high coefficient of variation for tensile strength values. This 
variation was significantly lower with the high spray pressure test runs. 
It should also be noted that in the previous study (documented in NASA report EH33/92-5) 75 psi 
pressure was effectively used to clean several test panels. In this study 75 psi was not effective. This is due 
to the fact that two different cleaning cycles were used in the previous study. Two continuous one minute 
washes which were separated by a 5 minute soak time resulted in a very high volume of cleaner per unit 
area of test substrate for the wash cycle. In the present study the cycle was changed and reduced to 
effectively evaluate the factors of mix ratio, temperature, pressure, and soak time. This new cycle was also 
more representative of the RSRM motor case spraying process being proposed by Thiokol. 
As previously mentioned the factor of pressure had the most significant positive effect on the 
responses of black light and tensile adhesion strength results. The primary "cleaning" or grease removal 
mechanism identified was material displacement. This displacement reduces the thickness of the HD-2 
grease layer enough so that the Brulin 815 GD can effectively remove it for the given cleaning cycle. The 
results of test runs using high pressure illustrate the insignificance of cleaner temperature, concentration, 
and soak time for these test runs. The results of test runs using low pressure illustrate the importance of the 
other factors. Temperature, cleaner concentration, and cleaner soak time affect the process with 
significance in the order listed herein. To further understand the contribution from these other factors 
additional testing should include a uniform amount of contamination applied across the test substrate. This 
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uniformity should enable evaluation of the cleaner's performance at lower pressure limits so that the 
contribution and interactions from the other factors can be fully understood. 
This study reveals that room temperature cleaning is possible as long as high pressure is used to 
achieve the displacement discussed earlier. Runs 2.8 and 11 all yielded tensile adhesion strengths of at 
least 8000 psi., which represents the optimum bond strength for the EA913NA adhesive. These panels 
were all cleaned at 72 O F  and 675 vsi. 
- - 
- 
- - - 
- - -  
The effeEts of residual Brulin 8 1 5 G ~ z k % % d f r o m  theianels was difficult to assess because 
the resultiig OSEE data was scattered. NVR (Non Volatile ~esidue)~alo@ i% other surface analysis tests 
should be performed for a better understanding of the residual cleaner remaining. The measured responses 
of black light, and tensile a*esion strength-diarnatically displayed the effect of residual HD-2 calcium 
grease on the test panels (Refer to Table 2). The black light detectable residua1 grease contamination 
significantly lowered tensile adhesion strengths for the test runs 
Ad uses a high pressure (< 
1000 psi) "pre-rinse" wii-water only prior to die-spe-inIaTraqueous cleaning steps. This would 
significantly reduce recycle or reclamation problems with the-contaminated cleaner solutions. The high 
pressure water-only pre-rinse would also ensure a uniform thickness of contamination across the test 
substrate, thus allowing a full evaluation of the factors and their interactions. 
- 
1. C. D. DeWeese, Technical Report #EH33/P2-5, September, 1992. "Solvent Replacement Studies for 
RSRM Internal Insulation Vulcanization / Bonding" 
- 
- - 
- .  
2. C. D. ~eWeese,  Technical ~ e p o d ~ ~ 3 3 / 9 4 - 3 ,  April, 1994.  v valuation of Control Parameters for 
Spray-In-Air (SIA) Aqueous Cleaning for Shuttle RSRM Hardware" 
Environmentally Compatible Hand Wipe Cleaning Solvents 
BY 
Catherine P. Clayton 
USBI Co. 
Materials & Processes Department 
P.O. Box 1900 
Huntsville, A135807 
Michael P. Kovach 
USBI Co. 
Materials & Processes Department 
P.O. Box 1900 
Huntsville, A1 35807 
Abstract 
Several solvents of environmental concern have previously been used for hand wipe cleaning of SRB 
surfaces, including 1,l .l -trichloroethane, perchloroethylene, toluene, xylene, and MEK. USBI determined 
the major types of surfaces involved, and qualification requirements of replacement cleaning agents. 
Nineteen environmentally compatible candidates were tested on 33 material substrates with 26 types of 
potential surface contaminants, involving over 7,000 individual evaluations. In addition to the cleaning 
performance evaluation, bonding, compatibility and corrosion tests were conducted. 
Results showed that one cleaner was not optimum for all surfaces. In most instances, some of the 
candidates cleaned better than the 1 ,l,l-trichloroethane baseline control. 
Aqueous cleaners generally cleaned better, and were more compatible with nonmetallic materials - such as 
paints, plastics, and elastomers. Organic base cleaners were better on metal surfaces. 
Five cleaners have been qualified and are now being implemented in SRB hand wipe cleaning operations. 
Introduction 
The Monaeal Protocol, 1990 Clean Air Act Amendments, President Bush's edict on ozone 
depleters, and the forthcoming Aerospace Manufacturing and Rework National Emission Standards for 
Hazardous Air Pollutants (NESHAPs) have shifted aerospace industry's environmental compliance 
methodology from an "end of the pipe" strategy to one of prevention and elimination This is not an easy 
change. The aerospace community faces a special challenge since many of their materials must withstand 
rigorous use conditions. 
USBI Co. is responsible for design, acquisition, assembly, test, and refurbishment of the nonmotor 
segments of the Space Shuttle Solid Rocket Boosters (SRBs). USBI was given a Technical Directive (TD) 
by the National Aeronautics and Space Administration (NASA) in 1991 to assess the impact of forthcoming 
environmental regulations on the materials and processes utilized on the Space Shuttle SRBs. The 
assessment indicated one of the materials/processes which would be significantly impacted by the new 
regulations was hand wipe cleaning. Hand wipe cleaning is a manual contamination removal procedure 
utilized in the processing of components with sufficient size, delicacy, or limited usage to preclude 
development of immersion or automated cleaning techniques. Common solvents used for hand wipe 
cleaning of SRB components are 1.1.1-trichloroethane, xylene, perchloroethylene, methyl ethyl ketone 
(MEK), and toluene. Hand wipe cleaning was found to account for approximately 27% of the total Volatile 
Organic Compound (VOC) emissions at the USBI production site in Florida. As a result, NASA directed 
USBI to define and qualify environmentally compatible replacements for the solvents currently in use. 
Test Matrix / Variables 
The hand wipe solvent replacement task was a major undertaking due to the large number of 
processes that used 1,l.l-trichloroethane and the other solvents. Cleanliness levels and possible effects on 
subsequent processes also had to be considered. The variables evaluated in the test program included: 
substrates, contaminants, and candidate cleaners. The substrates were determined by review of company 
drawings, and procedures. From this review forty substrates were chosen for testing (table 1). 
Table 1. SRB Surfaces Selected For Testing 
304 Stainless Steel Hypalon - sealcoat 
4 130 Low Alloy S tee1 Inconel 7 18 (Ni-base superalloy) 
Aft Skirt Kick Ring Cover - (phenolic) K5NA 
Akzo primer (epoxy) Low Volatile Akzo primer (epoxy) 
Akzo topcoat (epoxy) Low Volatile topcoat (epoxy) 
Aluminum - anodized MCCWSI (epoxy sprayable composite) 
Aluminum - bare (2219) MSA-2 (epoxy sprayable composite) 
Aluminum - Alodined (chromate MSA-3 (epoxy sprayable composite) 
conversion coated) 
Aluminized tape No. 425 Nitrile rubber 
Booster Trowelable Ablative (BTA) Plastic sealant caps 
Cork P50 sheet PR 855 Foam 
Deft primer (water-based epoxy) PR 1422 (polysulfide sealant) 
Deft topcoat (urethane) PR 1770 (polysulfide sealant) 
EA 934 - shim (epoxy) Rust-Oleum primer (organic zinc rich) 
Electrical cable sheath - (Teflon) Rust-Oleum topcoat (epoxy) 
Ethylene propylene rubber (EPR) Silicone rubber 
Flex hose (Resisto-Flex) SLA-220 - TPS (silicate) 
Forward Skirt Aft Seal - D Seal Urethabond - sealcoat (urethane) 
Forward Skirt Aft Seal - Neoprene Viton rubber 
GlassfGold - electrical connector XXX 409 - shim (phenolic) 
- 
The contaminants used in the study were identified by shop floor interviews, review of processes, 
and non-volatile residue witness plates. The possible sources of contamination generation are facility, 
process, and opportunity. Facility contaminants are generated by machinery or fixtures at the processing 
site. Examples are diesel exhaust, hydraulic fluid, methyl isobutyl ketone (MIBK), etc. Residues which 
pass from one procesXg3Ep to the nextire considered process contaminark. Tapes, greases, ultrasonic 
coupling agents, etc. are possible process contaminants. Contaminants of opportunity are those 
contaminants which do not have a documented presence during the normal operation of the facility or 
process. Fingerprints, insecticides, and hand lotion are examples of contaminants of opportunity. 
The contaminant list is especially critical in any cleaner study and therefore all pertinent 
contaminants needed to be identified. Much of the work on SRB contaminant identification was 
accomplished by a previous study, "Surface Preparation and Verification For BondingE-(1). In order to 
simplify the test program, several contaminants were omitted due to chemical similarity to other 
contaminants. In addition, some of the contaminants tested, specifically the particulates, were combined to 
form a " c o ~ o r m ~ t u r e .  This mixture consistdof facility dust, dirt,-MSA-2 dust, cork dust, paint 
dust, Insta-Foam dust, and Hypalon dust. The final number of contaminants utilized in the test program 
was 23 (table 2). Determination of the substrate/contaminant combinations for the test matrix followed the 
flow diagram in Figure 1. 
Figure I .  Flow Chart of Methodology for test matrix 
Table 2.  Contaminants Selected For Testing 
Substratel 
Contamination 
Combinations 
Drawing/ 
Procedure 
Review 
880 C&C Grease Molybdenum grease 
Ardrox dye penetrant Particulates: 
Chalk Cork residuddust 
Echo Ultragel II Facility dust 
Fingerprints Hypalon dust 
Flight grime Insta-Foam dust 
Glo Bright MSA-2 residuddust 
Grease pencil Paint dust 
HD Conoco Grease PR 1422 
High temperature tape Teflon spray 
Hydraulic fluid Vacuum pump oil 
Magnaflux dye penetrant Vinyl tape 
Marking ink Walnut hulls 
Masking tape 
t 
-) 
Residue Plates) 
Several criteria were used to select the candidate cleaners. Material Safety Data Sheets (MSDSs) 
from possible candidate cleaners were reviewed for toxicity; worker safety hazards, physical properties 
(including flash point and vapor pressure); and storage, disposal, and shipping requirements/restrictions. 
The cleaning ability of potential cleaners was initially evaluated by vendor interviews and review of their 
data sheets. The chemical components of the cleaners were also reviewed by MSDS, data sheets, and 
vendor interview. Nineteen cleaners were chosen for testing (table 3). 
Table 3. Cleaners Selected for Testing 
CLEANER YlmxB 
409 Cleaner Clorox 
815 GD Bulin & Company, Inc. 
815 MX Bulin & Company, Inc. 
Allied Signal Volatile Allied Signal 
AxareI 61 00 Du Pont 
Blue Gold Modem Chemicals Inc. 
D. K. Solvent DuBois 
D99 Cleaner Tiodize Co. Inc. 
Fantastik Dow Chemical 
Jettacin DuBois 
Key Chem 01000 Stuart - Ironsides, Inc. 
Key Chem 06000 Stuart - Ironsides, Inc. 
PF Degreaser PT Technologies, Inc. 
Prime DuBois 
PropanoVE than01 ------- 
Reveille DuBois 
Siloo Glass Cleaner Siloo 
Simple Green Sunshine Makers, Inc. 
Solvo Cleaner 68-FD Quaker Chemical Corporation 
A full factorial of the three variables, substrates, contaminants, and candidate cleaners, would have 
consisted of over 17,000 combinations. Therefore, the experiment was designed to examine only those 
contaminants which were pertinent for a given substrate. The total number of combinations was thereby 
reduced to approximately 3,000. 
Methods 
The hand wipe solvent replacement program consisted of three phases: down selection, 
qualification, and implementation. Phase I, the down selection process, included performance evaluation of 
the cleaners, and initial compatibility testing. The test methodology for the program is shown schematically 
in Figure 2. 
Test matrix Phase I 
Definition Down Select 
Substrate 
Performance 
Evaluation 
Phase 11 Phase In Qualification Implementation 
Compatibility Subsvale 
Material 
Compatiblity 
Training I 3  
Figure 2 .  Project Flow Chart 
The performance evaluation testing examined the cleaning ability of the candidate cleaners with 
respect to the substrates and contaminants. This quick and simple test was designed to identify, early in the 
program, cleaning weaknesses of the candidates. Performance evaluation measured the amount residue left 
on a substrate coupon after contaminating with a specific contaminant and then cleaning with a candidate 
cleaner. The residue was measured gravimetrically and, where applicable, water break free. In all tests, 
I,1,1-aichloroethane was used as a conuol solvent. Where apvopiiate, other solvents were also used as 
controls. In addition, the performance evaluation testing also identified some compatibility concerns. By 
identification of the cIeaning weaknesses it was possible to reduce the number of candidates examined in 
the next phase of testing. 
After performance evaluation sevenviable cleaners r ners were then tested for 
compatibility using ASTM F 483: "Toa Immersion ~orrosion~est"(4) a n d ~ ~ T h 4  D 71: "StandardTest 
Melfodfor RuFir Property - EffGi-oTLiquids" (5). Total Immeiz tes ted  the compatibility of the 
cIeaners to the metal substrates, and "Standard Test Method for Rubber Property - Effect of Liquids" tested 
the compatibility of the cleaners to the non metallic materials. Because of the duration of exposure to the 
candidate cleaners these tests were considered very conservative compared to actual use conditions. 1,1,1- 
trichloroethane was used as the control solvent in all testing. 
At the end of the Phase I testing. five candidate cleaners were selected for qualification (Phase 11). 
Factors other than the test data were also considered in the final down selection process. These factors 
included: cost analysis, worker safety, and environmental impact. 
Phase I1 of the soIvent replacement project consisted of qualifying the candidate cleaners through 
compatibility and bond strength testing. Compatibility testing in Phase I1 was accomplished by exposures, 
under special conditions, of the candidate cleaners to metals and paint systems utilized on the SRB. 
Compatibility of the cleaners on metal substrates was qualified using ASTM F 11 10: "Sandwich Corrosion 
Test" (6) and ASTM F 485: "Effects of Cleaners on Unpainted Aircraft Surfaces" (2). The sandwich 
corrosion test was used to determine if the cleaners had an effect on faying surfaces. The "Effects of 
Cleaners on Unpainted Aircraft Surfaces" test was used to evaluate the cleaners potential for staining metal 
surfaces. ASTM F 502: "Effect of Cleaners and Chemical Maintenance Materials on Painted Aircraft 
Surfaces" (2) was used to determine the compatibility of the cleaners to SRB paint systems. 1.1.1- 
trichloroethane was used as the control solvent in all tests. Since, there are no ASTM procedures available 
for evaluating compatibility of cleaners to spacecraft surfaces, the ASTM aircraft procedures were used. 
Bond strength testing in qualification examined the effect of the candidate cleaners on paint 
system adhesion and bond properties of adhesives, sealants, and Thermal Protection Systems (TPSs). 
ASTM D 4541: "Pull-Off Strength of Coatings Using Portable Adhesion Testers" (4) was used to assess 
potential effects the cleaners might have on SRB paint systems. ASTM D 1002: "Strength Properties of 
Adhesives in Shear by Tension Loading (Metal to Metal)" (7) was used to determine effect of the cleaners 
on the bond strength of adhesives and sealants. ASTM D 1623: "Tensile and Tensile Adhesion Properties 
of Rigid Cellular Plastics" (8) was used to determine the effect the candidate cleaners had on the bond 
strength of TPSs. Flatwise tensile testing was also used to assess the effect of the candidate cleaners 
following a long term exposure to conditions seen by the SRB hardware during processing. Specimens 
were bonded with 2216 epoxy were tested after six months of exposure and will be tested again after twelve 
months of exposure. Lastly, the specimens cleaned with the candidate cleaners were tested in flatwise 
tension at 150°F to evaluate to determine if the elevated temperature bond strength of 2216 epoxy was 
significantly affected. The elevated temperature testing was also repeated after six months of production 
facility exposure and will be repeated again after twelve months of exposure. l,l,l-Trichloroethane was 
used as the control solvent for all tests. 
Results 
The tests showed that 1 ,l,l-trichloroethane was not the best cleaner for most of the surfaces. Prior 
to the down select, on most substrates 1,l.l-trichloroethane was ranked in the top 50% of the cleaners 
tested. Following down select, 1,l.l-trichloroethane was determined to be the worst cleaner for some of the 
substrates. None of the cleaners tested was found to consistently perform the best for all substrates 
examined. It was discovered that the organic cleaners performed better on some substrates while the 
aqueous cleaners performed better on other substrates. The major distinction appeared to be whether the 
substrate was metallic or non-metallic. Organic cleaners performed better on the metallic surfaces while 
the aqueous cleaners performed better on the coated and rubber based materials. An example of data from a 
performance evaluation test is shown in table 4. 
Table 4. Data for Example Cleaner on 304 Stainless Steel 
Based on the results of the performance evaluation Jettacin, Prime, Blue Gold. Key Chem 01000, 
PF Degreasa. Reveille, Fantastik, and ethanol were chosen for continued testing. PF Degreaser, Key Chem 
01000. Reveille, and ethanol are organic cleaners. Jettacin, Prime, Blue Gold, and Fantastik are aqueous or 
semi aqueous cleaners. 
The results of the metallic compatibility tests show that none of the metal surfaces were affected 
by the organic cleaners evaluated. There were slight effects, statistically, displayed in conjunction with 
some of the aqueous cleaners used in the evaIuation. However, all of the candidate cleaners were deemed 
to be compatible Erom a engineering viewpoint. 
-- 
The results of the Standard Test  elh hod for Rubber Property (Effects of Liquids) showed that, for 
each substrate tested, there was at least one candidate cleaner which was compatible. In fact, for the 
majority of the substrates, l,l,l-trichloroethane did not display the highest d=egr& of compatibility 
observed The majority of the cleaners did not perform well on the cork substrate. This was apparently due 
to the porosity of the material. The cleaners soaked into the cork thus requiring a significantly longer dry 
time than was associated with the other substrates. Ethanol was the only candidate which displayed a 
reasonable dry time on cork. 
Every cleaner was compatible with all of the paint systems used except Hypalon. Only the 
aqueous cleaners were found to be compatible with Hypalon. Acceptable bond strengths were exhibited by 
d l  paint systems except for Rust-Oleum and Urethabond when cleaned with ethanol. 
Jettacin, Prime, PF Degreaser, Reveille, and ethanol were chosen for qualification. However, the 
preliminary aerospace NESHAPs incorporated vapor pressure limits of 45 mm Hg for hand wipe cleaners. 
This ruling meant ethanol was no longer an acceptable candidate. Isopropanol was suggested as a substiture 
and the5ire added to the test program- 
All the bonding tests showed at least one cleaner was as good as or better than 1,1,1 -trichloroethane. 
Conclusions 
- 
- --- - 
 - 
The USBI effort was successful in defining and qualifying environmentally compatible cleaners for Solid 
Rocket Booster hand wipe operations. The cleaners qualified were Prime, Jettacin, and Reveille by 
DuBois, PF Degreaser by PT Technologies, Inc., and isopropanol. Based on the test program results and 
direction from the end customer a matrix of cleaners versus substrates was generated. The matrix was as 
follows: 
Metals 
Painted Surfaces 
- Hypalon 
Thermal Protection Systems 
- Cork 
Rubber Materials 
Foams 
Composite Materials 
Electrical 
Sealants 
~eveille 
Reveille 
Prime 
Reveille 
Isopropanol 
Prime 
Prime 
Reveille 
Isopropanol 
Reveille 
Hand wipe cleaning processes are used extensively throughout USBI's SRB operations. Because 
of this, over 600 documents were affected by the hand wipe solvent replacement task. Updating of these 
documents should start in the fall of 1994. As the documents are updated, the new cleaners will be 
incorporated into the USBI production cleaning operations. If delays are avoided, by the summer of 1995 
all production hand wipe cleaning will be done with the new environmentally compliant cleaners. Training 
of the technicians in the use of the cleaners will be conducted as the cleaners are implemented. 
'Ihe replacement of hazardous materials is an important challenge faced by today's industry. There 
are significant costs associated with testing, qualification. and implementation of such replacements. 
However, the long term costs of not replacing such materials may be even more expensive. The 
implementation of these cleaners has numerous benefits. Through the use of the new cleaners, an ozone 
depleting substance will be eliminated, hazardous waste generation will be decreased, the potential for 
exposure to toxic materials will be reduced, and the processing of SRB hardware will, in some cases, be 
improved through the use of more effective cleaners. 
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ABSTRACT 
Historically, many subscale and full-scale rocket motors have employed environmentally and physiologically harmful 
chemicals during the manufacturing process. This program examines the synergy and interdependency between 
environmentally acceptable materials for solid rocket motor insulation applications, bonding, corrosion inhibiting, 
painting, priming and cleaning; and then implements new materials and processes in subscale motors. Tests have 
been conducted to eliminate or minimize hazardous chemicals used in the manufacture of Modified-NASA materials 
test motor (MNASA) components and identify alternate materials andlor processed following NASA NASA 
Operational Environmental Team (NOl3) priorities. This presentation describes implementation of high pressure 
water refurbishment cleaning, aqueous precision cleaning using both Brulin 81 5 GD and Jettacin and insulation 
case bonding using Ozone Depleting Chemical (ODC) compliant primers and adhesives. 
INTRODUCTION 
Marshall Space Flight Center MNASA motors traditionally employ Ozone Depleting Compounds (ODC) and other 
environmental and physiological hazards. MNASA is not a flight motor, but a staJic motor used for material testing 
purposes. The hardware is re-used indefinitely making storage and refurbishment operations a necessity. The 
motor is comprised of two main parts, the motor case and the four blast tube components (Figure 1 1. The forward 
ramp, the first blast tube component, reduces the diameter of the case down to the diameter of the blast tube. 
The forward center and aft center components add test area. The aft dome, the last blast tube component, 
reduces the diameter of the blast tube down to the diameter of the nozzle. The blast tube components are used 
for testing candidate case and nozzle insulation materials. The MNASA blast tube is stored with Cosmoline 1 104, 
Rust Veto 266 and Rust Veto 76-HF. The grease is removed by a standard vapor degreasing process employing 
1,1,1-trichloroethane and followed by a grit blast. Following the grit blast the interior bonding surface is 
immediately coated with appropriate primers and adhesives and the exterior is coated with a paint type primer. 
The primary objective of the MNASA-RSRM #4 test was to evaluate the performance of non-asbestos insulations. 
The secondary test objective was to serve as a midscale demonstration of ODC-free motor refurbishment and ODC 
compliant bond system which are under development for the Redesigned Solid Rocket Motor (RSRM), but several 
years from full-scale implementation. Bond system primers and adhesives were screened and downselected under 
the Thiokol Non-Asbestos program in Utah. A second program for ODC Elimination in RSRM manufacture 
developed both high pressure water refurbishment cleaning and aqueous precision cleaning. These two 
technologies are described by Dillard and Keen, respectively, elsewhere in these procedings. 
Approved for public release; distribution is unlimited. 
*This work was performed under NAS8-38100 with NASANSFC. 
~ ~ ~ ~ ~ O . P A G E  -. BLANK NQT FlLm 
BACKGROUND RESEARCH 
RSRM is unique in  solid rocketry in that after boosting the Space Shuttle Orbiter, they are recovered, refurbished 
and reused. Like MNASA refurbishment, RSRM refurbishment cleaning must remove paint, insulation, adhesives 
and preservative grease. Traditionally such refurbishment cleaning is by vapor degreasing and grit blasting. Water 
blast refurbishment testing in support of the RSRM program is currently underway. Preliminary results guided the 
selection of test parameters. 
After refurbishment cleaning, both RSRM and MNASA are precision cleaned prior to bonding by again vapor 
degreasing and grit blasting. The RSRM-ODC Elimination program performed preliminary screening on over 150 
different cleaners and selected 15 promising cleaners to carry into formal testing. Five cleaners from each of three 
categories, organic, semi-aqueous and aqueous, were tested. The candidate cleaners were compared wi th  respect 
to cleaning efficiency and bond integrity; the two  leading candidates, Brulin 81  5 GD and Diversey Jettacin, were 
carried into this MNASA testing and demonstration. 
A hand cleaner was also necessary to facilitate re-cieaning operations that sometimes become necessary during 
hardware processing. PF-Degreaser was selected for testing as a hand cleaner in the MNASA program. PF 
Degreaser, a mixture of aliphatic petroleum distillates and d-Limonene, has been successfully employed as a hand 
and immersion cleaner in manufacturing programs at Thiokol's Huntsville Division for several years. 
TESTING 
- 
Lab -- Testing 
- - 
Pr ioxmanufactur ing RSRM-MNASA #4, all proposed cleaning and bonding materials and processes were tested 
in laboratory adhesion testing. Witness -- panels - 18" by 12") were prepared "sing a-double vapor degrease, double 
o r zb l az  methodthat-has become the standard for all fhiokol Obc tes t ing - lhe  purpose of this pre~aration is to 
eraseany " ~ ~ m o r y "  of any chemicals the panels may have been in  cor3act with'and return the metal surface to 
a pure condition. Panels were then contaminated with the preservatives used on the MNASA hardware, Cosmoline 
1 104, Rust Veto 76-HF, and Rust Veto 266. Panels then were divided as to  what process of cleaning they would 
undergo. All panels were black light inspectedand tested for non-volatile residue (NVRI. Panels involved in 
aqueous processes were evaluated using water break free tests as well. 
~~~~MNASA #4 Testing i 
- -  
 
- -  
- - 
- - 
-- d --- - 
- - 
~fte~su~cessful-&rirple%on -- - of the lab testing, the various blast tube components of RSRM-MNASA R4 w e n  
c l e G d  and bonded a G 7 f i n g  to the scheme in Table 1. The aft dome was a baseline control for this test. All 
standard, - -  previously - employed procedures materials were used in the-aft dome, Because the W o  center 
comp5nlents-areideniicaT kconfiguration, they were u s e d 5  kmonstrate aqueous spray cleaning using Jettacin 
in t h e f G i i T d c ~ i ~ g Y 5  GDin iheaffcenter. Eo5-Fomponents receTvedTpXsti5lean grit blast. The 
ODC compliant bond system of Chemloko205/Chemloko236X was used in both center components on the blast 
t u b m w a r e  - -- wi th  ChemlokT3FX-bCii - used at  the insulation toinsulation bond lines. -- - the forward ramp 
received a-water blast followed by avapor degrease and gritblast, The forward ramp represented the first stage 
of ODC impleme$atis currently planned for RSRM fl ight hardware. The aqueous bond system, 
Chemlok*805/Chemlok0828, was applied to  the forward ramp. Because actual hardware cannot undergo the 
destructive bond testing before firing, 8" by 12" steel witness panels have been traditionally processed along side 
the hardware for testing purposes. Water blast and precision spray cleaning parameters observed during the full 
scale demonstration are listed in Tables 2 and 3. 
- -- 
- -- -- - - - 
- 
 . 
Approved for public release; distribution is unlimited. 
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TABLE 1 : 
MATERIALS TEST SCHEME FOR RSRM MNASA #4 
FORWARD RAMP 
FORWARD CENTER 
AFT CENTER 
AFT DOME 
REFURBISHMENT PRECISION PRIMER AND 
CLEANING CLEANING ADHESIVE 
VDIGB VDlGB CL205lCL236A 
WB = Waterblast 
VD = Vapor Degreaser 
GB = Grit Blast 
CL805 = CHEMLOK 805 (Aqueous) 
CL828 = CHEMOK 828 (Aqueous) 
CL205 = CHEMLOK 205 (Organic Solvent) 
CL236A = CHEMLOK 236A (Organic Solvent) 
CL236X = CHEMLOK 236A (ODC Compliant Organic Solvent) 
RESULTS 
NVR results of all refurbishment methods were in the same family and below 2 mg/fP, which is excellent. Figures 
2 and 3 summarize the adhesion results for the lab tests, as well as witness panels accompanying the motor. In 
all cases, bond strength, reported as tensile adhesion and peel strength, of the ODC compliant primerladhesive 
systems was roughly the same as the baseline primerladhesive system (Chemloke205/Chemlok.236A). All peel 
strengths more than an order of magnitude above the program requirement of 12 pli and more than three times 
the program adhesion stFengthrequirement of 100 psi. =primary failuremodein all cases was cohesive within 
the rubber TnSUlaTion. -Some significant discoveries were that in this case, water blast followed by a grit blast 
produced excellent NVR results, exceptional bond results and immediately following the high pressure water blast, 
all panels passed water break free tests. 
Figure 4 summarizes testing of the OOC compliant adhesives as insulation ply-to-ply adhesives. As with insulation- 
to-steel adhesion above, both candidate ODC compliant systems (Chemlok 205/Chemlok 236X and Chemlok 
805lChemlok 828) performed well. All adhesives performed about equivalently and significantly above the 
minimum for MNASA. 
CONCLUSIONS 
The program objectives were accomplished. An  ODC free refurbishment process (high pressure water blast 
followed by precision spray cleaning and grit blast) was defined for MNASA that met and significantly exceeded 
program requirements. In addition, ODC compliant primers and adhesives were identified for the MNASA-RSRM 
#4 bond lines that met and significantly exceeded program requirements. These results help ensure a future 
atmosphere o f  acceptance for these and other ODC free processes. 
Not surprisingly, a certain body of unanticipated results fall into the category of "Lessons Learned." This project 
is no exception: 
Since water evaporates more slowly than organic solvents with low vapor pressure, the aqueous 
adhesives were more prone to run and drip when applied as thick as conventional products. Therefore, 
operators should practice wi th  new materials to learn to  control them. 
Since the-waterblast conditions are so harsh, protective maskants are easily torn, allowing the 
adhesive toreEntaminate the hardware. Therefore, protective maskants should be avioded prior t o  
waterblasting. - 
- -- A- 
- - -  
Rust inhi6it67s should either be in the waterblast water, or constantly flowing over the pan to  be most 
effective. 
Water stands on all horizontal surfaces, where possible these should be shimmed unevenly to 
encourage drainage. 
Medium pressure missile grade dry air facilitates drying faster than a hot gun. 
While organic vapor masks are probably appropriate for all spray cleaning applications, operators find 
solutions such as Jettacin, which contain an organic solvent, more objectional. 
This paper i s  the result of a collaboration of many individuals. The following people provided assistance and 
information: T.N. Thornton, J.R. Newton, K.B. Evans, J. Stevens and K.J. Schulte. 
I :: Section I .< 
Pommrd Dome 
Figure 1. MNASA Motor Test Configuration (vertical-f ired Motor with Nozzle Up) 
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CLEANING VERIFICATION-INSTRUMENTATION 
AND TECHNIQUES 1 

Surface Contamination Analysis Technology Team Overview 
H. DeWitt Burns 
Physical Sciences Branch / EH12 
Materials and Processes Laboratory 
Marshall Space Flight Center 
Abstract 
A team was established which consisted of representatives from NASA (Marshall Space Flight 
Center and Langley Research Center), Thiokol Corporation, the University of Alabama in Huntsville, AC 
Engineering, SAIC, Martin Marietta, and Aerojet. The team's purpose was to bring together the 
appropriate personnel to determine what surface inspection techniques were applicable to multi-program 
bonding surface cleanliness inspection. In order to identify appropriate techniques and their sensitivity to 
various contaminant families, calibration standards were developed. Producing standards included 
development of consistent low level contamination application techniques. Oxidation was also considered 
for effect on inspection equipment response. Ellipsometry was used for oxidation characterization. 
Verification testing was then accomplished to show selected inspection techniques could detect subject 
contaminants at levels found to be detrimental to critical bond systems of interest. Once feasibility of 
identified techniques was shown, selected techniques and instrumentation could then be incorporated into 
a multipurpose inspection head and integrated with a robot for critical surface inspection. Inspection 
techniques currently being evaluated include optically stimulated electron emission (OSEE); near infrared 
(NIR) spectroscopy utilizing fiber optics; Fourier transform infrared (FTIR) spectroscopy; and, ultraviolet 
0 fluorescence. Current plans are to demonstrate an integrated system in MSFC's Productivity 
Enhancement Complex within five years from initiation of this effort in 1992 assuming appropriate funding 
levels are maintained. This paper will give an overview of work accomplished by the team and future 
plans. 
Introduction 
The Surface Contamination Analysis Technology team was established to address future surface 
cleanliness verification requirements for applicability in new manufacturing processes resulting from 
elimination of ozone depleting chemicals. Elimination of ozone depleting chemicals will effect shuttle 
hardware processing in two major areas. These areas are cleaning solvent elimination and replacement 
materials, i.e. primers, adhesives, and coatings. The Surface Contamination Analysis Technology team 
effort addresses the effect of losing solvents currently used in shuttle hardware manufacturing processes. 
Ozone depleting chemical elimination will effect currently used cleaning solvents, cleanliness verification 
solvents, and manufacturing materials containing targeted solvents. Ozone depleting chemicals identified 
in the shuttle program include for the largest part chlorinated solvents commonly used in cleaning pn>cesses 
and flight hardware cleanliness verification. Changes in processes and materials will effect future surface 
cleanliness verification requirements and their applicability in new manufacturing processes and inspections. 
Replacement materials, which in all likelihood will be aqueous based and possibly more susceptible 
to contamination, when implemented may result in a bond system more sensitive to contamination. These 
concerns lead to the effort undertaken by the Surface Contamination Analysis Technology team. This effort, 
to identify alternate cleanliness verification techniques which can be applied both in laboratory and 
manufacturing environments, was initiated in 1992 in MSFC's Materials and Processes Laboratory. The 
goal was to develop a multi-purpose inspection system within five years. The new inspection system as 
conceived would consist of multiple techniques making up a single inspection head. The system would be 
used to detect, identify, and quantify contamination. Data attained would theq be used to determine 
appropriate cleaning procedures. 
Concerns 
Cleaning Solvent Replacement Concerns 
Cleaning solvent elimination will require replacement with alternate cleaning agents. The leading 
replacement candidates are alternate solvents, organic based cleaners, and aqueous based cleaners. Removal 
of contamination with candidate cleaners will depend on the type contaminant, its solubility / rinsability 
in the proposed cleaners, and cleaning process parameters. These new cleaning solutions may not remove 
contaminants as efficiently as solvents, i.e. residues may remain on surfaces after cleaning. If these 
residues prove detrimental to critical bondlines then new inspection techniques which are sensitive to low 
levels of contamination may be required for cleanliness verification prior to critical bonding operations. 
Cleanliness Verification Solvent Replacement Concerns 
Current techniques for cleanliness verification such as  water break and blacklight which have been 
used as acceptance tests in the shuttle program have limitations since they are subjective and qualitative 
techniques. If future cleaning processes leave detrimental residues which are not detectable with currently 
used inspection techniques more sensitive quantitative inspection techniques may be required. Non-volatile 
residue (NVR) analysis is a commonly used quantitative cleanliness verification method utilized in the 
Space Shuttle program. NVR analysis utilizes solvents (freon and 1,1,1 trichloroethane) on the elimination 
list. NVR sampling has been used for years in the shuttle program for hardware cleanliness acceptance. 
Liquid oxygen systems are evaluated for cleanliness with NVR which utilizes a laboratory flash evaporation 
of a sampling solvent to obtain a residue. NVR is quantitative but is dependant upon the sampling solvent 
being able to remove the expected contaminant. If NVR is detected the data gathered indicates the amount 
of materiairemoved from the surface not what r e s n ~ e F N V R  (flush or wipe) andyiis.Residue 
remaining on the surface is of major concern. NVR analysis is used as a sampling technique and is 
- ---- 
impractical for 100 percent acceptance testing of surfaces of the magnitude found in solid rocket motor 
manufacturing. Since solvent NVR analysis cannot be accomplished in a real time manner there is a need 
for development of new, real time, quantitative cleanliness inspection techniques which can be applied to 
shuttle hardware manufacturing. 
- 
Concerns witlY KepTaCiment of Solvent Containing Production Materials 
Adhesives and coatin&which contain ozone depl mponents are used throughout 
the shuttle p T ~ ~ a m i M 3 e r i a 1 ~  which rnaj r6quirereTaCement i n T e  near future include solvent based 
primers, adhesives, and coatings. Resulting formulation changes may change critical bondline response 
to contanination. If new materials implemented result in thebondline being more sensitive to contamination 
- 
i n s s t i on  techniques may be necessary. 
Technical Approach - 
Concerns stated above lead to a search for cleanliness verification techniques which could detect 
a wide range of contaminants on critical surfaces. Residues may consist of organic andlor inorganic 
components depending on the cleaning solution and method used. Due to the range of possible contaminants 
and surfaces requiring inspection it is expected that a combination of techniques rather than a single 
technique would be used for cleanliness inspection. There is currently no available single technique capable 
of detecting organic and inorganic contaminants on various large surface areas in real time. Candidate 
techniques currently used in industry as well as those under development were considered. A plan for 
evaluating hardware bond surface characteristics such as substrate material type, surface roughness, and 
oxidation for metallic substrates,was developed. Inspection implementation parameters including inspection 
stand off distance, required inspection rate, environmental conditions, ease of operation, data interpretation, 
and direct applicability to existing manufacturing processes and facilities were considered. In order to 
evaluate candidate inspection technique response to contamination both clean baseline standards and 
contamination standards had to be developed. The philosophy used in approaching standards development 
was first to determine what families of contaminants present in hardware processing environments. After 
contaminants were identified standards were developed to use in determining detection sensitivity and Iater 
calibration of the system. Techniques chosen had to detect contamination at levels which critical bond 
systems or surfaces were adversely effected. Development of processes for applying consistent low level 
contamination had to be undertaken. Processes and standards produced for evaluating and calibrating 
candidate inspection techniques were developed in parallel with some of the instrumentation characterization 
work. 
Substrate Characterization and Standards Development 
Adequate surface contamination analysis requires proper characterization of the substrate to be 
inspected. This characterization includes determination of a baseline nominal surface resulting from the 
surface preparation process. The majority of effort has been with RSRM simulated surfaces, i.e. grit 
blasted steel and aluminum. Test panels were prepared with the same parameters as used on flight hardware 
as closely as possible with laboratory equipment. These panels were then used as a baseline 
noncontaminated data point to compare subsequent data to. Characterization of the inspection 
instrumentation was accomplished to verify instrument variability due to the substrate. One variable in the 
metallic substrates of interest was oxidation. Surface oxidation was considered for its effect on instrument 
detection of contamination since past experience with OSEE showed a sensitivity to surface oxidation. 
Aluminum surface reactivity was much higher than steel thus making it more of a challenge in 
characterization studies. Oxidation characterization testing was accomplished in an environmental chamber 
which varied temperature and relative humidity over a wide range. Test panels were prepared to simulate 
hardware flow then placed in the controlled environment and monitored over time. OSEE and NIR data 
were generated for substrate response with varying temperature and humidity levels. NIR characterization 
work showed a capability to differentiate between contamination and oxidation. This was an improvement 
over OSEE which showed a signal reduction from contamination and oxidation, i.e. OSEE could not 
differentiate between the two, making data evaluation difficult. This work was accomplished by UAH 
personnel under contract to Thiokol.'') MSFC laboratorieswere used in accomplishment of these tasks. 
Ellipsometry was performed on coupons exposed at various environmental conditions. 
Measurements were made to attempt to characterize various aluminum oxides which have been shown to 
effect OSEE signal from a substrate and may also effect other inspection techniques response. The problem 
encountered with aluminum studies has been the lack of optical property data on aluminum oxides. UAH 
has attempted to grow various oxides for ellipsometry charactetization with some success. This work is 
continuing. 
Substrate characterization work was paralleled with standards development for contamination 
response characterization and calibration. Common contaminants expected in the process had to be 
identified then characterized for their effect on instrument response. Major contamination sources identified 
included machining oils, hydraulic fluid, greases, silicone lubricants and release agents. After contaminants 
were identified they were grouped by chemical family. Contaminants within a family were assumed to 
have the same effect, i.e. degradation, on bonding. A single contaminant was then chosen from each 
family, normally the most prevalent in the manufacturing environment, since testing of all possible 
contaminants was impractical. Selected contaminants were then evaluated for ease of application and 
stability once applied to a substrate. 
The majority of contaminants fell into two families, hydrocarbons and silicones. Some teflon 
release agents were used but silicones were used for the same purpose therefore silicones were assumed 
to simulate teflon materials adequately. Contaminants selected for standards included Conoco HD-2 grease, 
a tenacious heavy duty preservative grease used in RSRM production; CRC silicone oil, a silicone 
lubricate; and Kaydol, a hydrocarbon mineral oil chosen to represent general hydrocarbon based materials. 
Kaydol was the only contaminant that presented problems with stability. The material appeared to migrate 
or disperse after a period of time. Paraffin wax was suggested as a contaminant since it would represent 
a hydrocarbon and be stable at room temperature. Application techniques were subsequently developed for 
chosen contaminants. 
Contamination Application Techniques 
- 
Thiokol modifid an off the shelf machine for applying contaminants to test panels. The hardware 
manufactured by Sono-tek utilized an ultrasonic spray nozzle and conveyor track system for printed circuit 
board processing. A number of parameters were evaluated for effects on Sono-tek contaminant deposition. 
These parameters included track speed, solution concentration, pump volume or flow rate, nozzle 
orientation, and exhaust flow. Solution concentration was a major factor in obtaining consistent uniform 
coating witKthe Sono-tek h a r d w F 0 t h e r  application tedhi~ueSevaIuated included air brush application 
and immersion techniques. AC Engineering developed air brush application techniques. Contaminant level 
application was verified with gravimetric measurements made with aluminum witness foil sheets during 
both Sono-tek and air brush applications. An aluminum foil sheet was run through the Sono-tek equipment 
immediately-before aid after bonding panels to insure proper contaminant levels were beingapp1ied. 
Aluminum witness foils were exposed beside panels for air brush applications. NVR analyses of 
contaminated - -  - -- panels were done initially to verify the use of witness foils for deposition level verification. 
An FTTR microscope was used to characterize the contamination standards developed. Results of these 
tests are documented in an AC Engineering paper." Verification techniques have shown Thiokol and AC 
Engineering have uniform and consistent procedures for application of contaminants at levels below five 
milligrams per square foot. 
- - 
Ellipsometry was investigated also for detection and verification of contamination on various 
substrates. A problem encountered with ellipsometry was the lack of o p t b l  consm! for various 
contaminants being evaluated. An effort is underway which will utilize a welldefined substrate, silicone 
wafers, to which c ~ n t a ~ n a n t  films will be applied then studied with ellipsometers in MSFC M&P 
laboratories. It is hoped this testing will allow determination of optical properties of common contaminant 
films which may be present on shuttle hardware prior to sensitive bonding operations. Results from this 
testing will feed data into other testing of various techniques which may prove useful. 
After contamination application technique development, the next step was to determine critical 
bond system sensitivity to various contaminants. Ending studies were conducted to determine at what 
contaminant levelcritical bond systems were degraded. Adhesive bond strength and failure modes were 
used to evaluate bond system performance or acceptability. High strength approaching the capability of the 
adhesive with a cohesive failure mode were desired. Cohesive failure is considered as failure within the 
adhesive or within the material Ging bonded to the substrate of interest. 
adhesiveTsub~rate~fnterface, indicates problems genGaTly resulting from 
or contamination. Bonding tests showed epoxy bondlines were sensitive to certain contaminants at levels 
below five milligrams per square foot of surface area. RSRM vulcanized bonding for insulation applications 
was generally an order of magnitude less sensitive. AC Engineering's efforts in support of the Surface 
Contamination Analysis Technology team work are detailed in "Standardization of Surface Contamination 
Analysis Systems" .@) 
Technique Investigation 
Techniques being evaluated for incorporation into an inspection system include those which analyze 
surfaces over a wide wavelength range. Techniques currently being evaluated include optically stimulated 
electron emission (oTEE), near infrared (NIR) fiber optic spectroscopy, diffuse refleitame Fourier 
transform infrara (m~) spectroscopy, and ultraviolet (UV) fluorescence. Capability determination for 
most of these contamination detection techniques is currently underway. A combination of techniques may 
be useful in surface cleanlipess verification as a replacement for currently used inspections including 
blacklight, water break, and nonvolatile residue sampling. Following is a brief description of each of the 
previously mentioned inspection techniques. 
OSEE 
OSEE is currently used in the RSRM program for case cleanliness inspection prior to primer I 
adhesive application for insulation bonding and nozzle housing inspection prior to epoxy adhesive bonding. 
This noncontact technique is sensitive to low level contamination on steel and aluminum substrates. 
Initially OSEE was implemented to detect residual grease on the internal D6AC steel motor case after vapor 
degreasing. The technique was sensitive to grease levels below 10 milligrams per square foot of surface 
area which was below the acceptance limit of 25 milligrams per square foot set at that time. OSEE was 
the only technique available at the time which could yield real time data on surface cleanliness of large 
motor case surface areas prior to subsequent processing. Other techniques were available for quantification 
of grease / contamination levels but data was not available in real time. OSEE detects changes in surface 
chemistry but can not identify what the source of change is. A complementary technique for contaminant 
identification would be useful when OSEE indicated a surface contaminant. A background and overview 
of OSEE application in RSRM manufacturing is detailed by Mattes.@) 
OSEE Third Generation Development 
The original OSEE equipment implemented in RSRM manufacturing had electronics and some 
quality control problems. Thiokol and the OSEE equipment manufacturer, Photo Acoustic Technologies, 
developed a second generation, industrial hardened, OSEE system which solved some of the problems with 
the initial design. Langley Research Center (LaRC) became interested in the technique and evaluated the 
original OSEE system design. A characterization of the physics of OSEE was undertaken at LaRC under 
the direction of Dr. W. T. Yost. Dr. Chris Welch of the College of William and Mary conducted 
characterization tests on the system. Deficiencies in the system were identified and proposals for 
improvements made in LaRC's evaluation report.") A third generation OSEE system as it was referred to 
was designed considering LaRC's identified improvements and MSFC Surface Contamination Analysis 
Technology team suggestions from equipment use history. A third generation six inch sensor system was 
fabricated by LaRC from funding provided through NASA headquarters Code QW.'n Preliminary testing 
of the OSEE I11 system at MSFC shows improved stability over the current system, much quicker response 
time, and less effect from environmental fluctuations due to the argon purge implemented as part of the 
redesign. The LaRC team has applied for patents on electronic improvements made in the OSEE 
equipment. 
IR Spectroscopy Techniques 
Spectroscopic techniques were evaluated for feasibility to manufacturing on-line applications. The 
Surface Contamination Analysis Technology team members experienced with spectroscopic techniques and 
their application to process monitoring included the University of Alabama in Huntsville ( ' A H )  In-line 
Process Control Laboratory. A Guided Wave 260 spectrometer with fiber optic probes was used in MSFC's 
laboratories to characterize RSRM substrates of interest, D6AC steel and 7075 aluminum. Tests were 
conducted to evaluate oxidation and contamination on these substrates. Results show;ed NIR use was 
feasible for detecting contaminants on these substrates and differentiating between kntanhation and 
oxidation after applying appropriate data analysis software. Details of this testing are discussed in "Study 
of Surfaces Using Near Infrared Optical Fiber 
A joint effort between Thiokol and TMA Technologies resulted in the development of a diffuse 
reflectance infrared instrument, the SurfMap IR, which was evaluated by Thiokol personae1 in MSFC 
laboratories. The instrument was proficient in detecting hydrocarbon contamination on aluminum and steel 
substrates. Additional information can be found in "Cleanliness Evaluation of Rough Surfaces with Diffuse. 
IR Reflectance'.m 
Interest in a portable FTIR system with resolution and speed for real time inspection was expressed 
in the Surface Contamination Analysis Technology technical interchange meeting held last year. Discussions 
with Dr. G.L. Powell from Martin Marietta's Oak Ridge Y-12 plant led to a procurement request for a 
state-of-the-art portable FTIR system applicable to manufacturing line surface inspection. Specifications 
calling for compact size (one cubic foot) and low weight (less than 15 pounds) were written with robotic 
applications in mind. Proposals have been submitted and evaluations are currently underway. Advancements 
in microelectronics and computational software with increased data processing speed have made these type 
systems a possibility for real time surface inspection. Plans are to procure the equipment and test it in 
MSFC's Productivity Enhancement Complex robotic test bed within the next year. 
Fluorescence Techniques 
- 
- 
An-ultraviolet (UV) fluorescence technique initiafii funded through a Small Business Innovative 
Research phase I contract with L ~ R C  was transferred to MSFC and later approved for phase I1 funding. 
Phase I testing showed this technique was capable - - - of - detecting low levels, less than 10 milligrams per 
square foot, of contamination on different substrates common inthe shuttle program, e.g. steel, aluminum, 
and insulation. The technique was also demonstrated as being capable of inspecting hardware from standoff 
distances on the order of feet while scanning as much as 15 square feet per frame. Feasibility for inspecting 
large surface areas in a short period of time would be a major advantage of using this system. Details on 
this -inspection technique are available in 'Contamination Detection NDE for Cleaning Process 
Inspection" .@'- 
MSFC Productivity Enhancement Complex Test Bed 
MSFC, Materials and Processes laboratory has a unique facility for evaluation / development of 
manufacturing processes and equipment. The Productivity Enhancement Complex (PEC) locatdin MSFC's 
building 4707 contains robotic workcells and equipment for accomplishing a wide range of full scale 
-- - -  ---- 
manufacturing -- processes. A PEC CimCorp gantry robot will be utilized as a test bed forinspection system 
evaluation. -- The same robot was usedpreviously to test a three axis OSEE end effector designed by Martin 
Marietta for RSRM nozzle hardware inspection. 
OSEE 111, fiber optic NIR, Surfhfap diffuse IR, and ultraviolet fluorescence systems are currently 
under development for in-process manufacturing applications. These systems should be available for testing 
in the PEC test bed by mid 1995. Other techniques will be evaluated as they become available. 
Conclusion 
Techniques being evaluated as part of the Surface Contamination Analysis Technology team effort 
-- - - -  -- --- - - - 
appear -- --- promising for applicability to shuttle hardware inspection. Availability of a technique which will 
allow quick inspection of lar&surface areas consistent with solid rocket motor bonding surfaces appears 
feasible. Contamination identified in an initial scan could then be evaluated with a more sensitive 
-- -- 
spectroGpic technique which coulif idenrf  species present. This informatioo would in turn allow a 
cleaning to be defined. Applications for this &hnology exist throughout the shuttle program as 
well - - as-in -  commercial applications resulting from technology transfer. 
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ABSTRACT 
Corrosion products, oils and greases can potentially degrade material bonding properties. The 
Marshall Space Flight Center (MSFC) Surface Contamination Analysis Team (SCAT) utilizes a variety of 
analytical equipment to detect, identify and quantify contamination on metallic and non-metallic substrates. 
Analysis techniques include FT-IR Microscopy (FI'-IR). Near Infrared Optical Fiber Spectrometry (NIR). 
Optically Stimulated Electron Emission (OSEE). Ultraviolet Fluorescence and Ellipsometry. To 
insure that consistent qualitative and quantitative information are obtained, standards are q u i d  to develop 
analysis techniques, to establish instrument sensitivity to potential contaminants, and to develop calibration 
curves. 
This paper describes techniques for preparing and preserving contamination standards. Calibration 
of surfax contamination analysis systems is discussed, and methods are presented for evaluating the effects 
of potential contaminants on bonding properties. 
BACKGROUND 
Efforts am underway at MSFC to develop a robotic surface contamination analysis system that can 
examine space shuttle booster. nozzle and external tank surfaces for contamination which might affect 
bonding properties. The system will detect, identify and quantify contaminants, then make appropriate 
decisions re@ng the need for cleaning. As part of this effort, surface analysis systems are being evaluated 
to determine sensitivity to potential contaminant types, and to develop data necessary for integrating 
decision making capabilities into the system. 
S E C T I O N  OF SUBSTRATES AND MODEL CONTAMINANTS 
SCAT efforts are focused oa analysis of hardware in the space shuttle solid rocket booster, nozzle 
and external tank; therefore, contamination standards were prepared with major material components from 
these systems. The substrates of interest were D6AC steel and nitrile butadiene rubber (NBR) insulation 
from the RSRM booster. 2219-T87 aluminum from the external tank. and 7075173 aluminuxq. arbon and 
glass phenolics from the RSRM nozzle. 
Selection of model contaminants was based on comparison of oils. and greases typically found in 
shuttle component manufacturing environments. The materials segregated into two general classes, 
hydrocarbons and silicones. Hydrocarbon greases are typically used as corrosion inhibitors during steel case 
processing. Hydrocarbons are also present as plasticizers in bagging materials and vinyls, and crm &gas 
from the plastics and deposit on bonding surfaces. Silicones. which arc often components of mold release 
agents, are potentially more damaging to bond strength because a much smaller amount is required to affect 
adhesive properties. 
Conoco HD-2 grease and paraftin were selwted as model hydrocarbon contaminants for SCAT 
standards. HD-2 grease is currently used as a corrosion inhibitor during RSRM case processing, and is 
therefore a likely potential contaminant to the caselinsulation bond. Parflin is a relatively non-volatile 
wax which was selected because of its expected stability. CRC Industrial Duty Silicone w q  chosen 
because it represented typical mold release agents. 
D m M N G  ZERO FOR REFERENCE 
Before examining a substrate for contamination, one must first define clean for reference. It is 
impractical to seek a truly uncontaminated surface, since typical production cleaning procedures leave behind 
small amounts of residues which do not adversely affect bonding properties. Therefore. the objective for 
preparing reference standards is to minimize surface chemistry differences between specimens, while 
achieving a levd of cleanliness which is representative of that obrained during production processing. 
Baselings for SCAT contamination standarb werlc - M e  as the surfaces obtained with aarent 
space s h u t 6  -&ster, n o d e  & 23- c -unS. 22B-uns?w dumin&n (space shuttle 
exterd  tank) was cleaned inTUrc0 4215 and Smutgo #1 (deogdizer) solutions. SteeLbsmes and 7075- 
'173 a l s n u m  wek vapor &geGd ~ 1 %  methyl CblIorofo~G %move oils and greases, then grit Masted 
with Zircleaii mi&a 6 reihOVeO-. OSEE analysis, wGch is exXtremelysensitive to oxEdatjgn on 
m e d  su6strta G. demonstrated that grit bht i g l e  and environmental - 
- aidtiGy flied initial i n s g e n t  
response. An enhanced signal was observed at low blast angles. and was'believgi to be due to less 
embedded grit on the surface. The environmental conditions affected the rate of oxidation buildup on the 
metals. Thus, equivaent blast angles and environmental conditioning were xquired to obtain consistent 
reference data for these samples. 
Kswith the metal substritiii, p k s i n g  of insulagonS Bnd phenoIia was caiiied out to provide 
surfaces . . s i d &  - - to -- space - shuttle fight hardware. @ass phenofics were machined to a smooth finish, then 
-. - - -- -- -- - 
degreasdwilh methyl chtorofom. Carhn phenolics and insulations were not mac&ned, but wexe 
degreased w& meihyl chlorofom. Mimred surfaces for ellipsometry studies were purchased clean, and 
were not reused. 
PREPARATION AND MONITORING OF CONTAMINATION STANDARDS 
- - - . . - - - - - 
 - 
- - - - - -. . 
-
SCAT contamination standards were prepared by spray applying dilute contaminant/methyl 
chloroform solutions (for example. 5 mglml HD-2 grease) using an air brush or mdtied Sono-tek. The 
spray gun was similar to those used in the automotive industry (Graco model 1265, series B), anapm&ed 
a fine mist which could be adjusted to an approximately 12-in& wide spray pattern. -- The - - ~ o n c t e k ,  a 
m e e d  ultrasonic$iay system utilizing a 48 kHz nozzle and adjustablespeed conveyer belt, was 
origindIy desi* 6 - y  flux onto printed circuit boards, but-modificatiorrs w_ere made to the nozzle to 
make it more suitabIe for spriijhg contaminant solutions. both methods. coating levels were 
d e t d n e d  by -mG=rig weight changes of aluminum foil witness samples sprayed &ng with the 
standads, SeveraljGkses were required to attain target mating levels, which -- typicaIIy -- ranged from 1-30 
m g / f t m e  &-~%if to ~ a g ~ ~ o r ~ ~ d ~ % l y a P p I y i n g f o w  I Z I s  o  c ntai&ll;ition (down 
to 0.5 rnglftz), wmeX%ii Srushwas &-for higher coating3evds (up to 200 mglft2). The solvent was 
allowed to "flash" off for 15-20 minutes befort witness foils were weighed. 
Standards were prepad with either one coating level per panel, or in a "step plate" fashion with 5 
coating levels (plus an uncontaminated area for baseline) per panel. Step p la tes tadds  offered the 
advantage of several Coatings to eGdneXFasingle plate, which r k d d  thetheeff&rSfsubst~te processing 
variables on analysis resulk. Panels with one && were better forevaluating coverage unifdrmity, aod 
for subsequent bonding studies. Standards were preserved by storage in fall-out plates. in sealed containers 
purged with nitrogen gas. or at specific environmental conditions in a temperaturdrelative humidity 
controllable chamber. - - 
Only singular contaminants were used on the panels, no mixtures. The reasons were that it would 
be impractical to prepare a complete range of mixture - --- -- ratios = - for analysis, and the resulting homogenous 
- - - A - - - -- - 
mixture d contaminantswould be unlikely to occur in nature. Also, instruments &-in the rorObotic 
analysis s y s t ~ f i b e  @grammed to co& code r h e r h e c O a W t s  it detects. For example, hydmcarhns 
niay bi blue &d silicones red. If more G& iontamin&t type is prkent. the &ults will be presented 
as a coIor~tteiicwtaining elements of each dass of material detected. 
Contamination standads may change o v a  time due to migration. diffusion or volatilization of the 
coatings. and therefore must be monitored. FT-IR microscopy was found to be an effective method for 
quantifying coating levels on most substrates of interest. The viability of this technique was demonstrated 
when it was discmvd that Kaydol. a low molecular weight oil being d d e r e d  as a model hydrocarboa, 
was migrating on the surface of aluminum and D6AC step plate standards. The panels showed linear 
correlations between coating levels and CH2 peak heights immediately after preparation. but within 2 weeks 
the slopes of the plots changed and approached an equilibrium across the surfaces. This technique would 
also be expected to detect coating volatilization or difiusion. since peak height would be reduced. 
INSTRUMENT PERFORMANCE TESTING 
Prior to examining surfaces for badrgrolmd sptctra or contamination. instxument performance was 
measured against reference standards to ensure that the instruments were working properly. and to adjust for 
signal response variations due to light source or detector response fluctuations. 
The OSEE system was calibrated using polished nickel panels. Ultraviolet bulb intensity 
diminished with time, which caused a reduction in electron emission from panel surfaces. To achieve 
consistent quantitative results, the bulb current was adjusted to counteract the loss in intensity. Polished 
nickel did not oxidize appreciably over time and had an extremely electron emissive surface, which made it a 
good reference standard for this instrument. 
Gold mirror reference standards were used to monitor signal-to-noise levels and optimize detector 
signal responses of the FT-IR miaoscope and NIR systems. 
Perfomawe testing for the ellipsometer involved determining the "true" azimuthal orientation of' 
the polarizen and the effects of the signal processing electronics, and optimizing reflectance of the plane 
polarized light off of a smooth silica wafer surface. Silica was selected as the refaence standard because the 
optical constants for this material were well known. 
The eximer laser (UVF) was evaluated for beam intensity (which affected quantitative results) ad 
wavelength. 
RESULTS FROM ANALYSIS OF CONTAMINATION STANDARDS 
The contamination standards were used to develop dalibration curves for surface analysis systems, 
to develop methods for detecting and quantifying potential contaminants, and to determine instrument 
sensitivity limits for the various techniques and substrates. 
figure I shows results from OSEE analysis of D6AC step plates coated with HD-2 grease or 
CRC Silicone. The OSEE technique, which illuminates a surface with W light and induces elemon 
emission, was extremely sensitive to contamination on metal surfaces, detecting most coatings at levels 
down to 1 mglftz. Signal response could be correlated to cdating level over the range from 1-20 mglftz for 
hydrocarbons. and from 1-10 mglftz for silicone. 
Figure I. OSEE Analysis of MAC Step Plates With CRC Silicone or HD-2 Grta~c  
0 5 10 15 20 25 30 
CONTAMINATION (MCllT2) 
Figure II summarizes results from FT-IR analysis of NBR step plates coated with HD-2 grease. 
and MAC steel coated with paraffii. The technique was acceptable for quantifying coatings above 10 
mglftz, but below this level peak heights appnwched that of baseline noise. 
Figure II. FT-IR Analysis of NBR and D6AC Step platcs With -11 
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The fluorescence imaging technique illuminates a surface with a short pulse of light from an 
eximer laser or ultraviolet flash lamp, then captures the contaminant fluorescence with a gated image 
intensified camera. Figure III shows results from analysis of HD-2 grease on metallic substrates. The 
technique exhibited a linear response to contamination level and illumination intensity, and was independent 
of substrate material or shape. 
Figure III. UVF Analysis of HD-2 Grease on Metallic Substrates 
EUipsomeay involves measuring the change in polarization state of light reflected off of a surface, 
and can be used to monitor coating thickness. For example, Figure IV shows mults from an experiment 
where baby ail was vapor deposited on am iridium surface. The technique currently works k t  for smooth, 
highly reflective materials, but methods are being developed to make it more suitable for rough surface. 
Figure IV. Ellipsometer Measurements of Baby Oil Thickness Deposition Over Tim= 
Figure V shows changes in MR light dlectance from a D6AC panel a function of CRC 
Silicone oil coating level. The technique exhibited a linea~ response to coating level. and could distinguish 
a mixture of hydroarbon and silicone oils on metal surfaces. 
Figure V. NIR Analysis of CRC Silicone Coatings on D6AC Steel 
" T 
MEASURING EFFEaS OF POTENTIAL CONTAMINANTS ON BONDING PROPERTIES 
-- - 
Foreign material on a bonding interface is con'tamination ohy  if adhtsiw is reduced below that of 
surfaces obtained with nominal cleaning p d u r e s .  Thus. if an analysis system detects potential 
contamination, the next step is to decide whether the material type or quantity could affect bond strength. 
Peel and tensile adhesion tests are typically performed to quantify the effects of potential 
contaminants on bonding properties. The samples arc monitored for reductions in strength, or changes in 
fail* mode from cohesive to &esive at the bondline. 
- - Figus VI shows a ttst+id configuration typicalif GGd to n i e a ~ ~ s - a n d  t i l e  adhesion of 
the insulation-to-case bond. Samples are puild at- a &6lled rate in an h t b n  ttsta. which can be 
7"'- mt&& - wis a n - e n - ~ f - w ~ ~ t d - = &  to ---&-d--Ttraa&v; g-dty $fec~. Peel 
--~CSio~-tCS-ts-& o0nddGeTd -&-- angles m---g from 4-gm5 &--  -=&."=-G plane of the 
surf=, while .- tensile adhesion is measured at 90 .- degrees. 
- 
- 
Figure VI. Typical Bond Test Panel Canfiguration 
Figure W shows results obtained from tensile adhesion testing of 2219-T87 aluminum to space 
shuttle external tank prima, with various levels of CRC Silicone on the substrate. Silicone acted as a 
contaminant to the bondlint. reducing tensile adhesion by approximately 30% at a level of 1 mglftz. Thus. 
the SCAT analysis system would be pmgmmmed to recommend cleaning of afTededareas if silicone w a  
detected at these lcvcls. 
Figun W. Tensile Adhesion Test Results From Aluminum Coated With CRC Silicone and Space Shuttle 
External Tank Epoxy Primer 
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Table I summarizes results from peel and tensile adhesion testing of the D6AC steellNBR 
insulation (RSRM) bondline following exposure of unprotected steel to a range of environmental 
conditions. The intent of the study was to determine whether the oxide famed under these conditions was a 
contaminant to the bond. Case-to-insulation adhesion was not affected. even after exposure to an extreme 
environment (29 days, lOOF, 60% relative humidity). Therefore. oxidation f m e d  under these conditions 
was not considered to be a contaminant to the bondline. 
Table I. Effects of Environmental Exposure on D6ACINBR Adhesion 
SCAT efforts have dawastrated that a variety of dytical instnrm~1tation is q u i d  to &t= 
identify and quantify contamination on space shuttle hardware b o n d l h .  Ttae robtic dace analysis 
system under development will consist of a seriw of instnuncnts that can be called upon as needed to 
evaluate spact shuttle bonding surfam. Techniques ckaaibed in this papa have p v a  to be d&ve f a  
preparing and prwerving contamination standards which can be used to evaluate instrumentation, develop 
analysis techniques. and establish calibration awes. 
A c K N O w L m G ~  
- 
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ABSTRACT 
Using optically stimulated electron emission (OSEE), Thiokol has monitored bond surfaces in process for 
contamination on the Redesigned Solid Rocket Motor (RSRM). This technique provides process control 
information to help assure bond surface quality and repeatability prior to bonding. 
This paper will describe OSEE theory of operation and the instrumentation implemented at Thiokol 
Corporation since 1987. Data from process hardware will be presented. 
INTRODUCTION 
In 1987 NASA introduced a NDE method of bondline inspection to evaluate the consistency of substrate 
preparation prior to bonding. This technology is referred to as Optically Stimulated Electron Emission 
(OSEE), known at NASA Marshall Space Flight Center (MSFC) and Thiokol Corporation by the acronym 
"CONSCAN" for contamination scanning. 
Tensile testing of the nozzle bondline has demonstrated sensitivity to contamination even at low levels of 
Conoco HD-2 grease ( < 5.0 mglft2). Tapered double cantilever beam data demonstrates that Conoco HD-2 
grease in the Dexter Hysol EA913NA bondline degrades fracture toughness to critical values under 10.0 
mg/ft2. OSEE or Conscan has been baselined on D6AC steel for on-line contamination monitoring and has 
been used in RSRM manufacturing for the past 7 years. 
THEORY OF OPERATION 
OSEE is based on the photoelechic effect where electromagnetic radiation of the proper wavelength is 
impinged upon a substrate surface which subsequently yields electrons. The surface monitored by OSEE 
is irradiated with ultraviolet light with spectral lines at 2537 A and 1849 A. The electrons ejected from the 
surface are accelerated across a fixed distance or air gap by a potential on the collector around the mercury 
vapor lamp. The inspected surface is grounded with reference to the collector and the photoelectrons flow 
across the gap creating a photocurrent. The photocurrent, which is in the piwamp to nanoamp range, is 
detected by the sensor front end amplifier and displayed on the control unit or computer. The control unit 
displays the amplified signal in arbitrary units proportional to the photocurrent and are read as centivolts 
(CV). A contaminant on the surface will attenuate the photocurrent and produce a lower reading on the 
control unit. 
The attenuation of the photocurrent, resulting from a contaminant on the surface is the result of the 
photoemitting substrate not being irradiated as strongly because of W absorption in the contaminant 
covering the surface. The UV intensity is attenuated, as a function of Beer's law, as it passes through 
layers of contaminant. As the thickness of the layer of contamination on the a surface increases, the 
resulting intensity of UV on the underlying surface decreases and the photocurrent detected decreases 
proportionately. Fewer photons Mercury Vapor ~ u l b  c 1 High Voltage Lead 
reach the photoemitting surface 1 
and fewer electrons are emitted. Collector 
I !!I: The photoelectron flux passes through an accelerating field 0.250 
produced by the positive 
potential maintained on the P// , ; 'YJ/ / /"N/ ,* I~/ .~ + *,*',++A*' ' # A / / / r / x ,  '/ .+ 1 Surface 
'"1 
collector ring around the W 
source. See Figure 1 .  
Mercury Vapor Bulb 
The kinetic energy imparted to c , H i ~ h  Voltage Lead 
an electron by an incident 1 
photon is given by the Einstein Collector c n rol 
photoelectric equation 
enlt I 
E , = h v - 9 , = % ~ ~ & 1 )  
Surface 
'4  
where hv is the energy of the Photoeiectrlc DrcuR 
incident photon, 9, is the energy 
required to remove an electron Figure 1 
from the surface irradiated, 
terminating with zero velocity (known as the work function), m, is the rest mass of the electron and v, is 
the velocity of the electron as it leaves the irradiated surface. 
- 
TECFIMQUE S E N S ~  
- 
There are many factors that influence OSEE measurements besides the cleanliness of the substrate being 
evaluated. The most significant of these is the sensor to surface distance. This causes a data variation of 
approximatery 1 R per 0.001 inch departure from a nominal standoff of 0.250 inch. This fact causes poor 
repeatability in data. 
OSEE measurements are sensitive to not only surface contamination but oxidationlaging causes the signal 
to attenuate with time after grit blasting the surface. Studies of how the signal is attenuated on the same 
substrate with elapsed time have been conducted. See Figure 2. 
-- 
- - -  
OSEE response to various levels of Conoco HD-2 grease on D6AC steel was studied at NASA MSFC 
laboratories in 1987 under the direction of Dr. R. L. Gause'. These correlation studies-result4 in the 
formulation o fa  ~ c t i o n d  relation &tween con& HB-~ grease contagination level and USEE Ievel that 
became known as the Gause curve. This function was utilized in the implementation of OSEE in the RSRM 
production facilitiesat ThiokoI to develop cleanliness criteria in case inspection. 
- - 
A 
Tests were performed at ThiokoI to correlate OSEE response to varying levels of contamination on steel 
and aluminum bonding substrates and bond strengths to contamination levels. 
- - -  
-
OSEE is the most sensiti ocarbons and silicones on freshly 
grit blasted surfaces. It can evaluate large surface areas in reasonably short time periods but does not 
work on irregular surfaces. 
- 3 
- 
OSEE is a good process control indicator when the data are compared at equivalent time-lines in the 
process. OSEE cannot, however, differentiate between oxides and contamination or between various benign 
and bond degrading contaminants. 
It has been known since the 
imulementation of OSEE that 
alternative, more analytic 
surface monitoring techniques 
would be required to solve 
in-line process questions that 
arise during routine OSEE 
inspections. 
Over the past 7 years, other 
investigators have developed 
a l t e r n a t e  s u r f a c e  
contamination monitoring 
techniques and devices. 
Thiokol  Science and loo 
Engineering department d 24 48 2 b6Tdkmb;d4 ids 142 216 2h 
developed the diffuse 
r e f l e c t a n c e  i n f r a r e d  THIRD 10 DAY OXIDATION STUDY 
technology marketed through Figure 2 
TMA Technologies as 
SurfMap 11". Bill Nerren of 
NASA MSFC formed the Surface Contamination Analysis Team (SCAT) in 1991. One of the goals of this 
team is to develop a system for surface contamination analysis composed of two or more complimentary 
technologies to aid in on-line decision making about the acceptability of the cleanliness of bond surfaces. 
Thiokol is an active participant in the SCAT team at MSFC. 
RSRM APPLICATION 
CASE PREPERATION 
OSEE was first implemented in the case preparation manufacturing area at Thiokol. The hardware is 
covered with a preservative grease, for shipment and storage, that must be removed before continued 
processing. The case cylinders are vapor degreased allowed to cool to ambient temperature and then they 
are spot checked with the manual OSEE probe to verify sufficient degreaser effectiveness. If a part fails 
to meet the criterion limit then the part is vapor degreased again before further processing can proceed2. 
The case components are sent to the assembly stand and assembled into casting segments. In this process 
grease is used on the O-rings for assembly and lubrication. The grease often gets smeared on the adjacent 
bonding surfaces and must be removed. The casting segment is then placed in the paint pit and the top coat, 
a two part epoxy paint, is applied. The ends of the segments are covered during this operation to prevent 
overspray from depositing on the internal bond surface. The painted segment is temperature cured in the 
pit. 
The segment is then ready for primer application, which is the first step in the process of vulcanize bonding 
the NBR rubber insulation to the case wall. To assure bond surface cleanliness the case is inspected with 
OSEE prior to the primer application. See Figure 3. 
NOZZLE BONDING 
Engineering information data was collected with OSEE on metal nozzle housings to determine process 
criteria limits. Metal-to-adhesive bond failures in some test articles lead to extensive adhesive bond 
testing. An OSEE baseline 
photoemission study was 
performed to determine what 
the maximum OSEE signal 
should be just after processing 
through the grit blast. These test 
results are still used to evaluate 
on-line performance. See Figure 
4. The test has been performed 
on a daily basis recently to 
show OSEE values just dler 
grit blast and 24 hours later. 
See Figure 5. 
Three correlation studies were 
run to determine the functional 
relation between OSEE signal 
and contamination level. A 
control was run with each test 
and nominal levels of 5,10,20 
and 30 milligrams of Conoco 
HD-2 grease-per square foot 
were appliedrThe substrate was 
D6AC steel and tensile buttons 
were bonded using Dexter 
Hysol EA913NA epoxy 
adhesive. 
The data were added to the data 
from the previous correlation 
studies and regression analysis 
was performed. The three new 
studies were also analyzed 
without previous data for 
comparison. The results were 
extremely similar. See Figure 
6. 
The regression of the whole set 
of data from all studies to date 
can be modeled with the 
function: 
AUTOMATED CASE SCAN SYSTEM 
Figure 3 
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Figure 4 
OSEE = -97 In [contamination] + 637. (2) 
The regressibn of the MSFC data alone resulted in the function : 
OSEE = -103 In [contamination] + 640. (3) 
Ten milligrams of Conoco would be expected to read 414 centivolts. 
The tensile strength was reduced 50% with the application of 5 mglft2 of Conoco HD-2 grease. The further 
addition of contamination resulted in only slight further reduction of tensile strength. See Figure 7. The 
reason for this is not fully 
understood. The adhesive failure 
mode was greater than 50 % with 
the application of 5 mglft2 of 
C o n o c o  HD-2  g r e a s e ,  
approaching 100% with 20 I mglft2. See Figure 8. 0 4 s
This indicates that, although the Z 
tensile properties are not 2 
z 
reduced catastrophically with the eoo 
bondline contaminated, the 
failure mode is shifted to the $ 
metal-to-adhesive interface with 
low Ievels of Conoco HD-2 
grease. 
It was determined that 
750  1 2  3 4 5 6  7 a g i o f j 1 2 1 3 1 4  
cleanliness criteria should be OBSERV~ION UMBER 
implemented in the nozzle D6AC STEEL D A I L Y  PROCESS STANDARD 
bonds. An OSEE limit 
equivalent to 10 mg/ft2 was 
implemented in the process. Figure 5 
OTHER RSRM BOND SURFACES 
OSEE has been implemented on 
the igniter, the weatherseal and 
stiffener stub and flex bearing 
- 
shims. goo 1 
800 - 
The igniter is similar to a 
miniature solid rocket motor 
and is used to start the 2 
combustion in the full scale $ 
motor. NBR insulation is g 
UI 
vulcanized to the internal and 
w 400- 
external surfaces of the igniter 2 
case. These surfaces are 
inspected for cleanliness with 
200 - OSEE prior to primer 
0 I 
application. inn . 
- - - 
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The weather seal is made of CONTAMTNATION ng/f t 2 
EPDM rubber vulcanized to CONSCAN RESPONSE TO HDZ GREASE ON D6AC STEEL 
wver the factory joint and seal Figure 6 
out sea water upon retrieval 
operations. Each casting 
segmeht is composed of two or, in the case of the aft segment, three cylinders. These cylinders are held 
together with hardened steel pins which are held in place with Inconela retainer bands. The joint area is 
protected with masking tape during the top wat application and must be removed and the masking adhesive 
must be removed also. Grease, 
used to assemble and lubricate 
the O-rings is squeezed out 
when the segment is rotated in 
the horizontal rotator during 
insulation lay-up. The grease 
must also be removed before 
bonding of the weather seal. 
The surfaces are checked for 
cleanliness using OSEE after 
the cleaning operation before 
primer is applied. 
The flex bearing allows the 
nozzle to gimbal and maintains 
the structural support to the aft 
dome. The bearing is 
composed of shims and end 
rings (concentric conic 
frustums) vulcanized together. 
To assure as clean a surface as 
possible the shims are checked 
with OSEE before primer 
application. 
ON-LINE PROCESS DATA 
The OSEE data are used to 
detect shifts in substrate 
preparation during processing. 
See Figure 9 for an example of 
mean OSEE values on the 
throat inlet ring bond surface 
for 16 housings processed. 
Y M O O  
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CONCLUSION m 
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OSEE has been used to monitor ; 
contamination on bonding 
surfaces in the mauufacturing 5 
area for seven years at the 4 
Thiokol Corporation. The 
OSEE technique is still a 
developing technology. It has 
proven useful as a process aid 
in cleaning bonding surfaces to 
a clean and acceptable level. 
The OSEE inspection technique 
- -- - 
is an improvement over 
MacMight hspei3ionbecause of 
it's lower threshold of 
o 5 10 $5 20 z!! 30 3b 
CONTllHIWTION mgl f t 2  
CORRELATION 62 - TENSILE Vs CONTAMINATION LEVEL  
Figure 7 
d 4 i b  i 2b 2!i sb 
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Figure 8 
detection. OSEE provides an objective, documentable method of verifying bond surface cleanliness. The 
reliability of the OSEE equipment has continued to improve and additional improvements for industrial 
applications are anticipated with the third generation OSEE. 
lHP061 INLET RING 
700 
d 4 f b 
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Figure 9 
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Abstract 
Optically Stimulated Electron Emission (OSEE) has been used to quantify surface contamination 
in the aerospace community. As advances are made towards the understanding of OSEE, it is desirable to 
incorporate technological advances with succeeding generations of instrumentation. so that improvements 
in the practical application of OSEE may be disseminated among the user community. Several studies 
undertaken by Yost, Welch, Abedin and others [1,2,3,4f have expanded the knowledge base related to the 
underlying principles of OSEE. The conclusions of these studies, together with inputs from the user 
community were the foundation upon which the development of a third generation OSEE instrument was 
based This manuscript describes the significant improvements incorporated into a third genedon OSEE 
instrument as well as the elements unique to its design. 
Introduction 
In January 1993, an OSEE team was formed at the NASA Langley Research Center (LaRC) a 
design and build a third generation OSEE instrument for the inspection of contaminants on solid rocket 
motor casings. The focus of this effort was the detection and measurement of Conom HD-2 grease 
contaminant on a D6AC steel substrate although other contaminants and substrates are applicable to OSEE 
inspection. The insaument was to incorporate recommended improvements from the earlier NASALaRC 
science studies as well as system requirements from the NASA Marshall Space Flight Center (MSFC) and 
Thiokol Corporation OSEE user community. Table 1 outlines the major design goals and performance 
specifications for the instrument as well as the results achieved. With these improvements and design 
goals, two complete instruments including spare parts were designed and built in nine months. 
Table 1. OSEE Third Generation Performance Specifications, Design Goals, and Comparisons 
. - 
Measured Prev G e n m  Irn~rovement 
Performance S~ecification &sun C b !  Perfomance Performance IhtkLEa 
Sensitivity (HD-2 grease) 
Range: 0 - 4 pg/cm2 ------- 0.04 pg/cm2 1-2 pdcn? > 250 
Range: 4 - 30 pg/cm2 ------ 2.1 wcm2 5- 10 pdcn? > 250 
Resolution 
Contaminant (HD-2 grease) c 1 nm 0.64 nm 3 nm 470 
Spatial 
Vertical 2.5 cm 2.5 cm 15 cm 600 
Horizontal 2.5 cm 0.41 cm 2.5 cm (est) 600 
Reproducibility < 1% 1.6% 10% 625 
Electronics 
Noise and Hum < -45 db < -60 db +* N/A 
Collector Current (Nominal) > 50 nA 500 nA 5 nA loo00 
THD c 1 %  < 0.1% rc * NIA 
Bandwidth > 2 Khz = 3 Khz c 3 hz = loo000 
Probe Mass c 1 Kg 1.8 Kg > 4.55 Kg > 250 
* * Not Measured N/A = Not Applicable 
The four major recommendations for improvements cited in the science studies were a) the 
incorporation of a parallel electric field (FEF) configuration for the collector electrode b) a higher collector 
voltage c) a stable W source and d) a dry argon atmosphere in the lamp and measurement region. The fust 
improvement would ensure a more even distributibn of the electric field thus minimizing the variation in 
sensitivity over the measurement region. A higher collector voltage would increase the collecior current 
thereby improving the signal to noise ratio (SNR). Since the photo currents are linearly dependent upon 
the intensity of the W source, a stable source will result in more repeatable measurements. Finally, the 
dry argon a t m o S ~ r e I a t i v e l y  non-ioGig and transparent to the W r e g i ~ n ~ ~ t e r ~ s t .  Thi  will 
- - -- -- - 
decrease the UV f l u c t G ~ o n i K ~ s s i 6 r e  absorp30b~o~~en~?li~IsiUre~m~a~m tiair &-will also decreasexeT-&=G~~~~~ h e n c e t r y P ~ T a t i ~ & ~ 5 ~ " ~ e ~ ~ ~ ~ ~  ~ m ~ ~ n n ~ ~ ~ e X i a m i i a t i o n .  
Additional significaniistem requirements included a) a li' X 1" sensor area b) six channel operation for 
quicker inspection c) su i i en t  bandwidth to a l l o w 0  Wmin minimum scamniate d)a small, light weight 
- 
sensor head and e) opiration inan-elektrically noisy environment wx amizmumof . . - 80 feet of&ble 
- - -  &Tenthee znsOrm= and the control unii. 
Theory of Operation 
In terms, OSEE operates by illuminating the measurement region w@ a of 
ultraviolet (UV) radiation in the presence of a diuect current @C) electric field as shown in figure 1 [6]. 
The W radiation frees electrons from the surface under inspection by the photoelectric effect. The 
elecuons are collected on the positively charged anode, and the amplitude of the resulting current indicates 
the level of contamination on the surface. For HD-2 grease on D6AC steel, the greater the current, the 
cleaner the sample. 
Figure 1. Basic principle of OSEE 
Instrument Overview 
The third generation OSEE instrument consists of a probe head and control station connected by a 
90 foot umbilical. Figure 2 illustrates a block diagram of the instrument 
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Power Suppl 
Arron x e  Gas I 
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Lamp Power Lamp Polarity 
dback Switcher Circuit 
I Power 
Circuitry (6) 
I L ' II I 1 I Power 3 
Isolation 
Amplifier 
I Phototube Circuitry (6) Signal Out 
\ \ , LPMV Bulb I Electrometer h I 
t ' / / ////lq Sample 
Figure 2. Block Diagram of OSEE System 
The probe contains a single W source which is controlled by a closed loop feedback circuit for 
lamp intensity. The W source is common to six channels. Each channel consists of an electron collector 
grid, electrometer, isolation amplifier, and driver electronics to transmit the OSEE signal back to the 
conml station. In addition, the probe also includes the power supply regulators and the necessary 
plumbing for the argon purge gas. The control station contains the lamp power supplies and control 
circuitry, the argon purge gas regulating system, the probe electrical power supply, grid bias power supply, 
and the signal receiver and instrument calibration circuitry. The control station also includes the switches, 
indicator lamps, and meters necessary to operate and monitor the system. The long umbilical allows the 
probe to be mounted on a remote scanning assembly necessary for inspecting large rocket motor casings. 
One of the main objectives of the design was to make the probe as small and light weight as possible in 
order to accommodate a variety of scanning equipment including robotic scanners, which are often limited 
in their ability to position heavy, bulky instruments accurately. 
The Probe Assembly 
Figure 3 shows a cross-sectional view of the OSEE probe head. 
Argon Supply Connectors 
- Electrical Connectors 
Electrical Components and Most 
Fasteners Omitted for Clarity Power Supply Regulators 
(mounted on rear face) 
Lamp Feedback and 
Control Circuitry 
Isolation Amplifier and 
Line Driver Circuitry 
Window/Collector 
Figure 3. Cross Section of Probe Assembly 
Lamp and ~ le i i rodes  - 
Acommercially available six inch long, double Cree, low-pressure mercury vapor (LPMV) lamp 
was chosen as the W source. The LPMV lamp produces high efficiencyw light in distinct spectral 
lines. One of these, the 185 nm line, produces 95% of the OSEE response from the substrate and is also 
in the absorption spectrum of HD-2 grease. Because of the wide bandwidth of the instrument, it was 
decided to operate the LPMV lamp in DC mode during OSEE scanning so as to minimize interference with 
the low level OSEE current. One attribute of the LPMV lamp is that electromagnetic interference (Em 
emanating frym_t&e bulb is minimized by the double bore design which has a verfsmdl current loop. 
Additj~al noise reduction is achieved by surrounding the lamp --- chamber - - with an electrically grounded 
envelope &s shielding the Gnsitive probe elegtronics from EMI radiation. The LPMV l z p  is located at 
the focal point of a half-ellipsoidal reflecting &;ity. The reflector is fabri_cated\h;ith an elgctroformed nickel 
base with a highly reflective aluminum and magnesium fluoride coating. undesirable r - e  ctions fiom 
other surfaces are minimized by coating them with a W absorbing paint. This produces a miform light 
source and minimizes "hot-spotsw on the measurement surface. The bottom of the lamp chamber is a low 
W attenuating, highquality, ES grade quartz window. Six identical one inch square amxb, slightly 
separated and placed side by side along the length of the window make up the collectors for the six 
independent channels. The collectors are formed by e-itng a thin translucent film of chrome 
ova a fine line nickel grid on the outside of the window. Although this configuration reduces the 
maximum possible W output from the chamber, the LPMV lamp W generation is such that it is usually 
operated well below its maximum output despite this limitation. The benefit of this PEF geometry is that 
the electric field from the collector is more uniform over the illuminated surface. 
Argon Purge System 
In d e r  to minimize photo chemical production and to reduce W absorption possible with 
ambient air, the lamp chamber and measurement region are purged with dry argon. For the pqoses  of 
OSEE argon is non-ionizing, chemically ineR, and transparent to the W wavelengths of interest. The 
argon begins its jowney from a pressure vessel adjacent to the control station. The flow rate is regulated at 
the control station and fed to the probe assembly through the umbilical. Two independent lines are used; 
one to supply the lamp chamber and one for the measurement region. Argon flows into the lamp chamber 
whenever the lamp is operating. In fact, when the system is turned on, the lamp is not powered up until 
the argon supply line and lamp chamber are properly purged. This process occurs automatically and 
without any operator action required. In order to conserve the purge gas, argon flow to the measurement 
region is switched on only when a scan is being performed. If the argon flow should be interrupted due to 
an exhausted supply tank or a blockage in the line, the lamp is automatically shut off. 
Lamp Feedback Circuit 
In order to provide a stable W source, a feedback circuit was employed which monitors the output 
of the LPMV lamp at the 185 nm line and varies the input power as needed to maintain constant output 
intensity during OSEE scanning. A commercially available phototube with a bandwidth from 115 nm to 
200 nm measures the lamp intensity. The only output from the LPMV lamp in this range is the 185 nm 
line. The UV reaches the detector through an aperture located at the top of the reflector with the phototube 
positioned just above. The output of the phototube is amplified by a Burr-Brown OPA-128 operational 
amplifier (opamp) mounted directly on the phototube. The signal is then compared to a precision band- 
gap reference "set point." The difference becomes the erm signai which is further processed before being 
sent to the control station via the ninety foot umbilical. Once in the control station, the signal is fed to 
the cwent limit input of a 1500V165mA DC power supply which powers the lamp during scanning 
operations. The output of the power supply is sent back down the umbilical to the lamp. If the lamp 
intensity increases above the set-point, the current limit input to the supply is reduced. thus decreasing the 
input power to the lamp. If the intensity decreases, the current limit input rises and the input power 
increases. Typically a new lamp operates at approximately 600V @ 30mA. 
Electrometer Circuit 
The collector electrode is ~ 0 ~ e c t e d  to the elecaometer circuit through spring loaded contacts 
soldered directly to the electrometer printed circuit board (PCB). Each of the six identical electrornetet 
circuits consist of one OPA-128 electrometer grade op-amp and several passive components. The input 
path from the collector electrode is guarded and shielded and less than one inch long. 'Ihis reduces input 
capacitance and EMI pick-up into the lOOMS2 input impedance of the circuit. The OPA-128 has a typical 
input bias current of only 75fA. well below the typical collector current of 500nA. This, combined with 
its wide gain-bandwidth product make the OPA-128 well suited for OSEE applications. The electrometer 
converts the OSEE current to a voltage relative to the collector bias and sends it to the isolation amplifier 
stage. The entire electrometer circuit is enclosed in a separate shielded compaxtment to one side of the 
probe, further reducing EMI pick-up. 
Isolation Amplifier and Driver 1 Receiver Circuit 
Because of the common mode measurement required for OSEE, the high collector voltage must be 
decoupled from the OSEE signal while maintaining the proper potential between the collector and 
measurement surface. A Burr-Brown IS0103 isolation amplifiu was chosen for this task. Figure 4 shows 
the probe front end electronics and illusirates the isolation amplifier theory of operation. The IS0103 
provides both signal and power across a high impedance isolation barrier. The Integrated Circuit (IC) 
contains an 800Khz oscillator driver on the output side of the isolation barrier. The driver is transformer 
coupled to the signal input side of the IC where it is rectified and filtered to provide an isolated power 
source for the internal and external circuitry. The input signal is mpdulated using the oscillator, transmitted 
across the isolation ba&er, anddemodulated on the output side. The IS0103 has an isolation barrier rated 
to 1500Vrms; -The IC can provide i&&ted power up to k15mA at f l ~ s v f ~ o r & e  el&tnxnetet The 200Vdc 
grid volEgepapplid to c ~ m o n  (ground)TtheinpUtside of each isolationGnip1ifler thnxlgh 1MSZ 
resistors (me-miStor'ior &KcGriel> thus providig is07aZon Gtw& the Kgh vortage groGds of any 
two channels. The oscillators for the six channels are externally -- synchronized to eliminate beat frequency 
interference -Put signaI from the isolkici &pffier is low-~-filtered to minimize any rz3ual 
osciflatorT& ththTW$. T e  USFE signal is then tr;insmidove~eumbiIical by a baliincedline 
driver/receiv& $r. The Analog Devkes SSM-2 14U1 driver/rec&v& @ iogether with standard Belden 
8451 shieldeXiled-pair cable provide a k l  harmonic distortion (TRDJofless than 0.001% and 
common-mbde rejection (CMR) greater then 90 db over the pass band of the system. 
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Figure 4 Block Diagram of Probe Front End Electronics 
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Probe Power 
or 
- - 
Elec5d  power for the isolation amplifier circuitry, line &her circuitry, and lamp feedback 
control circuitry is supplied by a regulated DC power supply located in the control station. In order to 
minimize EM1 pickup, as well as degradation of line and load regulation perfomname due to the long 
journey ih&gb the mibiGcal, additional filtering and reguiiOnare performed insidt-the probe assembly. 
This ensures ample, regulated, noise-free power for the probe in only a few square inches and one or two 
ounces of weight 
Control Station 
The control station is housed in a 51 inch high 19 in wide standard electronic equipment rack 
mounted on casters. The control station has two 'Lmo&s" of operation determined by a front panel switch; 
a scan mode and a stand-by mode. A second switch controls the flow of argon into the measurement 
region. When measuring surface contamination, the unit is placed in the scan mode. This allows the 
LPMV lamp to be operated from the DC power supply and its output regulated by the lamp feedback 
control circuitry. When no OSEE measurements are being made, the unit is placed in stand-by mode. This 
mode operates the LPMV lamp from its AC power supply, and no lamp feedback occurs. If the lamp is 
powered from the DC supply for more than about five minutes, then when the system is switched back to 
the stand-by mode, the polarity of the lamp electrodes is reversed. In doing so, the next time the unit is set 
to scan, the current through the lamp is reversed By operating the lamp on AC power while idle and by 
reversing the polarity of the electrodes on every scan, the lifetime of the LPMV lamp may be greatly 
increased. Possible glitches in the OSEE signal if the polarity were switched during a scan are also 
eliminated. 
Figure 5 provides a front and rear view of the rack. At the top of the rack, behind a blank front 
panel, is the controller for the argon purge gas regulators. Once the proper flow rate has been set at the 
time of assembly, the controller requires no further adjustment and so is normally concealed. The top rear 
of the cabinet contains two 5 1/4" exhaust fans to remove excess heat from the enclosure. Ai is pulled in 
and filtered through a panel near the bottom. Below the argon controller is the control panel with the 
operam controls. Besides the mode and argon control switches, the control panel contains a lockable 
switch used to control the power to the system. "Warm-up" and "readyw indicalar lamps denote system 
status. When first powered on, the warm-up lamp will illuminate f a  approximately 30 minutes to allow 
the W lamp and electronics sufficient time to reach operating temperature at which time the warm-up 
lamp will turn off and the ready lamp will turn on until the system is shut down. Adjacent to the argon 
flow switch are two indicator lamps which are automatically illuminated if low argon flow is detected in 
either the lamp chamber or measurement region respectively. In the center of the control panel is a panel 
meter showing the relative condition of the W lamp while in scan mode. Over time, as the bulb ages, the 
meter will move further to the right indicating that more current is being supplied to the lamp to maintain 
constant intensity. At sometime prior to the maximum current level, a "replace lamp" indicator adjacent to 
the meter will turn on, signifying that the lamp will need to be replaced in the near future (after the current 
scan is completed). At the far right of the control panel is an elapsed time meter which displays the 
accumulated time in hours that the system has been operated in the scan mode. When the system is fmt 
turned on, all the indicator lamps are powered for approximately one second so that any indicator which 
fails to illuminate may be identified and replaced, thus minimizing the possibility that a non-functioning 
indicator will jeopardize the operation of the system. 
Below the control panel is the W lamp controller and polarity switching circuit. This circuit also 
contains the AC lamp power supply. Below this is the DC lamp power supply, the DC power supply for 
the probe electronics, and the 200V DC grid power supply. All the power supplies are commercially 
available. A blank panel below the probe electronics power supply, conceals the rear of the receiver, signal 
aveqer, and calibration circuitry enclosure. The receiver buffers the signal from the umbilical and conveais 
each channel to either a single or balanced output depending on the system requirements. 'Ihe averaging 
circuit averages the six channels. The individual channel and average outputs are brought out to BNC 
connectors on the l/O panel at the rear of the rack. The I/O panel also contains the three electrical 
connectors for the umbilical and the grid bias return ground connector for the solid rocket motor casing. In 
order to calibrate the system, the calibration adjustment panel is removed to allow adjustment of the gain 
and offset of-each channel. This is usually required when replacing the W source or when using a different 
probe head. At the very bottom, inside the rack are the argon regulators. At the rear of the rack are the 
argon supply and argon umbilical connectors. All the electrical and argon connectors are unique so that the 
proper bulk-head receptacle is always mated with its associated cunnecm Just above and to the right of the 
argon connectors is a single standard power entry module which supplies the switched AC power to two 
vertically oriented power sorips mounted inside the rack; one on each side. 
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Figure 5. Front and Rear View of Control Station 
- 
Because of the potential shock hazard from the high voltage lamp and grid power supplies, several 
safety features have been intruded in the design. Fist, the 2WV DC grid be& is resistively decoupId from 
each e x ~ c o l l e c t o r  grid through 1 Mfl resistors. Not only does this provide electrical isolation between 
the sii eleCtraG, but it also reduces the potential for electric shock from accidentally &ching any of the 
elcttodes. H o w e v e ~ n ~ ~ G d  other foreign matt&on the collector grid will result in erroneous 
readingKFGthelamppower~an interlock system is employed which automatically shuts off the AC and 
DC lamp power supplies if any connector in the lamp power circuit path is removed. 
- 
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STUDY OF SURFACES USING NEAR INFRARED OPTICAL FIBER 
SPECTROMETRY 
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University of Alabama in Huntsville 
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ABSTRACT 
The measurement and control of cleanliness for critical surfaces during manufacturing and 
in service provides a unique challenge for fulfillment of environmentally benign operations. 
Of particular interest has been work performed in maintaining quality in the production of 
bondline surfaces in propulsion systems and the identification of possible contaminants. 
This work requires an in-depth study of the possible sources of contamination, 
methodologies to identify contaminants, discrimination between contaminants and 
chemical species caused by environment, and the effect of particular contaminants on the 
bondline integrity of the critical surfaces. 
This presentation will provide an introduction to the use of optical fiber spectrometry in a 
nondestructive measurement system for process monitoring and how it can be used to help 
clarify issues concerning surface chemistry. Correlation of the Near Infrared (NIR) 
spectroscopic results with Optical Stimulated Electron Emission (OSEE) and ellipsometry 
will also be presented. 
INTRODUCTION 
Optical fiber spectrometry offers unique capabilities for detection and identification of 
contaminating species on aerospace flight hardware and other critical surfaces, either 
stand-alone or in conjunction with other inspection processes such as Optically Stimulated 
Electron Emission (OSEE). Much progress has been made in understanding spectral 
features observed from surface films with optical fiber probes, yet the interpretation of 
spectral features on surfaces continues to be the major challenge for this spectrometric 
tool. The complexity of the interactions due to thin film refl ection/absorption phenomena 
still requires some chemical and physical knowledge about the surface being analyzed. In 
addition considerable expertise is still required to sort through the spectral features 
obtained, to pick out the significant features and determine the origin of these features. It 
is anticipated that the evolving methodologies resulting from the work presented here, will 
become more easily absorbed into the production arena with a little more development and 
implementation activities. 
Continuing work with both NASA/MSFC and Thiokol has provided the opportunity to 
apply the capabilities of optical fiber NIR techniques to the following cases: 
A summary of the path used to optimize upon an analytical approach used are presented in 
figure 3. The approaches most frequently used are derived from the current interest in 
applying chemometric techniques to solve real-world problems. All of the software 
packages used in this work are commercially available and used by a large number of 
spectroscopists and others who need to analyze large spectroscopic data sets. 
Figure 3. Data analysis concepts used in this work. 
DATA ANALYSIS CONCEPTS 
Experimental Contraints 
- Low signal levels 
- Variable reflectivity among sample plates 
- Silica spectral domain 
Digital Filtering 
- Savitsky-Golay Smoothing Routines 
Principal Component Analysis (PCA) and 
Partial Least Squares (PLS1 and PLS2) 
- Provide number of factors that influence the observed 
spectra 
- Identify the real factors 
- Detect clusterings of data 
- Identify spectra due to each factor 
- Predict new data and/or verify model. 
spectral d erforming the analysis were fairly 
- - - - - 
consistent. Deviations in the use of specific routines for data smoothing or to bring out- 
c e r t a i ~ ~ & i ~ ~ d f e ~ ~ r e s - w e k  imu-lemented as reaiiiikd. Once a s&es o f ~ ~ = s ~ ~ a  
- 
were o b t i i i i ~ ~ ~ e  exDeri6ntf &scribed in this retort. Kz-&etv-iT-of chem$fi~tiic 
- - -- -- - -1 --- . - -  -- -- 
techniques were e r i ~ l o ~ e d  i6 isolate significant spectral features as facators using either 
Principal Component Analysis (PCA) or Partial Least Squares (PLS) techniques. Iterative 
smoothing routines were sometimes performed back-to-back to improve the S / N  ratio of 
the observed spectra. Complementary analysis techniques were used in order to trade off 
advantages over disadvantages of various techniques. For instance, optical fiber spectral 
s&s~perfoKedwiFh the Guided Wave 260,which can obtain the highesidution 
possible either by - reducing -- the spectral bandwidth - - or by signd averaging. - - -  Ehher - - - choice 
requires relatively longer scan times. Hence trade-offs between resdution &d scan time 
had to be used in optimizing spectral scans with OSEE scans in the studies performed in 
the environmental chamber. At the level of resolution used, sequential smoothing routines 
would allow for g d  peak definition. 
HD2 and silicone films on D6AC steel and 7075 aluminum 
Mixtures of HD2 and silicone films on D6AC steel and 7075 aluminum 
D6AC steel and 7075 Aluminum plates in controlled temperature and humidity for 
extended periods of time. 
The primary results of these observations has been to show that NIR spectrometry is able 
to: 
Discriminate between HD2 and silicone greases in single or mixed applications, both 
qualitatively and quantitatively. 
Detect the various waterhydroxide species that occur on both D6AC and aluminum 
surfaces under variable humidity and temperature conditions. 
Detect levels of contamination by tape residues used in the manufacturing operations 
of the RSRM. 
Optical Fiber Spectrometry Considerations: 
Optical fiber spectrometry provides a number of challenges for accurate surface analysis. 
A number of the factors which can affect the signals observed, and correspondingly the 
interpretation of its chemistry, are shown in Figure 1 below. 
Figure 1. Factors affecting the interpretation of spectra observed from surfaces. 
FACTORS AFFECTING OPTICAL 
FIBER SPECTRA 
REFLECTION-ABSORPTION RELATIONSHIPS 
CHEMICAL ENTITIES - Molecular, 
Chemisorbed, or Reaction-Products 
SURFACE FEATURES 
PROBE CHARACTERISTICS 
SPECTRAL SCAN PARAMETERS 
DATA PROCESSING ROUTINES 
The underlying physics associated with the reflection/absorption characteristics of the 
multitudinous films which may occur on a surface are always going to be part of the 
unknown in any analysis performed on solid rocket motors. Objectively, the data 
processing techniques used in this work, have been oriented such that these phenomena 
can be factored out to provide spectral features associated with both the chemical species 
andl physical parameters represented on the surface. These chemical entities can be oxides, 
hydroxides, or any other materials. In the spectral region in which this work has been 
performed, 1.0 - 2.5 microns, the -OH stretching vibration is the major peak observed for 
species which result from hydrolysis or hydration. This spectral band represents the 
second harmonic or combination bands of features normally observed in the mid-IR using 
FTIR or other infra-red instruments. In most cases, the -CH stretching vibration is also 
observed in this region as combination bands. This observation, for example, allows us to 
differentiate between HD2 and silicone greases. Spectral observations in the mid-IR can 
not always do as well in differentiating between similar species. 
In this work, the chemical entities which are observed in the spectral scans are primarily 
hydrated species which result from the presence of water on the surface of the metal or 
contaminants purposely placed on the surface. The chemistry associated with hydrolysis 
of D6AC steel and aluminum 7075, obviously becomes a very important part of the 
interpretation of the spectra observed in these experiments. In the case of D6AC steel, 
very little work on hydrolysis at ambient temperatures has been found in the literature so 
far. Aluminum; however, provides a large number of data presented in the literature 
which makes the interpretation of the spectral observations somewhat easier. 
- 
The obvious goal of any spectral an s to obtain a quantitative measure of the 
interaction between the material being analyzed and the light used for interrogation. The 
physical features extracted in the factor analysis can be difficult to interpret with non- 
uniform surfaces, presenting another set of problems in the quantitative analysis of films 
on surfaces. Since the light may specularly reflec e of thefilm or the surface 
of the metal more than once, one may obtain spurious intensity relationships from the 
spectral analysis. Also if the light reflected off the surface has passed &rough the film 
more than once, then one has difficulty providing a quantitative measurement of the 
properties - of -- the film. In the case of the materials used in this study, solid rocket motor 
casematenis were not intended to have mirror finishes, hence, diffuse scattering from 
randomly oriented surface features encomp&ses the primary thrust of this work. In 
general most the panels provided for spectral analysis had varying surface roughness and 
reflectivity, making calibration one of the most difficult tasks in the study. 
In addition to the enhancement of the desired signals using physical improvements reIated 
to the optical and scan parameters, improved software approache 
during this work, primarily in the use of chemome6cs techniques 
information contained in a series of spectra acquired from the various samples under test. 
These methods fall under the category of multivariate analysis techniques and are used 
very successfully in a number of chemical and process industries. For example the idea is 
to analyse all the relevant spectral data at once and extract features which dominate the 
behavior of the data series. This is shown in figure 2 on the next page, in which the 
accumulated spectral data is analyzed by a multivariate analysis technique and the loadings 
(spectral features) and scores (influences) are extracted to determine how the system is 
changing chemically. This analysis is currently being performed with Unscrambler 11. 
2 a a a a L P I a !!?!! El!! 
The data handling routines for separating out the significant peaks were primarily by 
performing a PLS Analysis on the spectra, usually using the total spectra set to generate a 
model for any set of experiments. A schematic showing the possible approaches to 
perform either principal component or partial least squares analysis on the data sets is 
shown in Figure 4 below. In some cases verification of peaks and their occurrence in the 
experiments was obtained by taking the difference between any two spectra in a series. 
Figure 4. Decision tree showing possible routes to obtain factors in the spectral 
analyses for this work. 
In the work presented here, the philosophy was to collect all the information for a 
particular substrate, chemical system and build the model based upon the most complete 
set of varaibles possible. In this manner, the Unscrarnbler software was much more likely 
to pick out the corresponding factors from the observed spectra. 
TECHNIQUE PATHWAY GOAL 
# * r / > 
The major software used to support this work included SpectraCalc and 
Unscrarnbler 11. Typically spectra were recorded in units of watts and transformed into 
absorbance using the relationship: 
PRINCIPAL COMPONENT 
I A = log - 
1, 
Much work was spent in the beginning of the research in determining what reference 
surfaces to use for calculating absorbances. The major problem that arises in this type of 
analysis is when a spectral feature goes negative; i.e. I <I, then most of the matrix 
multiplication techniques are not applicable. In practice, a negative absorbance is 
undefined, which means that the reference is not valid. Several reference surfaces used in 
DECOWOSE X VARIABLES b 
ANALYSIS INTO ESSENTIAL VARIATDNS 
LOADINGS GIVES 
FEATURES OF FACTOR 
* > *\ J \ J 
r * 
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t \ 
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PERFORM SIWLTANEOUS 
PCA DECOMPOSITION IN PREDICTION OF UNKNOWh 
BOTH X AND Y Y FROM MODEL 
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SQUARES REGRESSION 
i J i L 1 
- 
this work include an aluminum or gold mirror; i.e. totally or specular reflecting; barium 
sulfate i.e., diffuse reflecting, and native surfaces such as D6AC steel or aluminum. 
Experimental Results: 
The results of three different experiments are reported here. The first experiment is 
concerned with the quantitative identification of HD2 and silicone films on D6AC steel 
and 7075 Aluminum. A set of D6AC and aluminum 7075 panels were vapor degreased 
and grit blasted at 20' and contaminated at six levels with either HD2 or silicone or a 
combination of both. NIR spectra of the panels obtained and analyzed with PLS 1 are 
shown in figure 5. 
Figure 5. Calibration curve for HD2 and silicone contaminants on D6AC Steel 
a. HD2 grease b. Silicone 
Another test was performed at Wasatch as a demostration of capabilities with samples 
prepared by Thiokol personnel and the results are shown in figure 6. 
Figure 6. Results of NIR demonstration at Thiokol Wasatch. 
a. HD2 on D6AC Steel b. HD2 on Aluminum 7075 
Another series of experiments looked at the surface chemistry of D6AC steel and 7075 
Aluminum plates in controlled temperature and humidity for extended period of time to. 
determine the effects of relative humidity, temperature and grit blast angle on the bonding 
characteristics of both D6AC steel and Aluminum 7075. In both sets of experiments, 
spectra subtraction between any two spectra showed peaks in the -OH vibration region 
that varied throughout the experiments. In the case of the D6AC steel, the lack of 
knowledge of what spectra 1 features to expect made evaluation difficult. Aluminum has 
been studied substantially more and does provide spectral features which can be predicted 
from the literature. However, this approach does not provide much insight into the role of 
any of the variables in the experiment. Consequently more substance has been given to the 
PLS analysis in trying to interpret the observed spectral features. In each case the total 
collection of spectra for one substrate has been amassed into one data set to generate a 
PLS2 model. Then a PLS 1 analysis was performed to isolate the significant features. In 
both cases, the principal components which appeared as the primary factor was grit blast 
angle. In the D6AC experiments temperature and relative humidity showed up nicely as 
factors 2 and 3. Spectral features that varied throughout the test then followed as the 
remaining principal components. For the aiuminum data set, the temperature and relative 
humidity did not separate out quite as nicely. For that reason the interpretation for the 
aluminum-water chemistry is obviously quite complex. Fortunately the chemistry is better 
known and the literature provides more information to work with; however, the analysis 
of contaminating films is still difficult. 
In the final sequence of experiments reported here, the residues of adhesives from four 
-- - 
different tapes used by Thiokolin iheirmanufact~rin~ process were studied to determine if 
they could be quantitatively identified in the NIR. Data was collected from the samples of 
residue that might remain on a bonding surface after tape has been applied, then removed 
and the adhesive cleaned from the surface with solvent. The residues from four different 
tapes currently used by Thiokol were extracted using 1,1,1 Trichlorethane as a solvent. 
The four tapes studied, and their occurrence in the manufacturing process, are 
1) Teflon tape, a tape used in the grit blast process; 
2) P mask, a masking used in the painting operation; 
3) B mask, a masking used in the grit blast process; 
4) Vinyl tape, a tape used in the cleaning operation. 
The residues were sprayed concurrently on large aluminum pIates and witness foils. The 
gavimetric weights were determined for the witness foils from which conclusion~abo/ut 
the levels on plates were deduced. Each residue was applied in two distinct levels of - 
contamination, yielding eight contaminated levels, two for each type of contaminant. A 
blank panel was-also processed similarly, except without contamination. 
The PLS analysis confirmed that the tape residues from the four potential contaminants 
could be quantitatively identified in the NIR. The close similarity of the chemistry for the 
adhesives, for example a common pIasticizer such as a phathalate was present in each 
residue, made the differentiation among the four a IittIe more difficult; however, the PLS 
model did a fairly - - good job of differentialting between the tape residues. 
Figure 1. Plot of First Factor for all Four Residues 
- Tef bn 
- - - - P - k s k  
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Wadength (Nanaometers) 
Summary 
NIR spectrometry can provide a useful tool for the inspection of critical surfaces and the 
quantitative detection of contaminating materials. The utility of optical fiber system 
allows for flexible approach to using NIR in untraditional applications. In conjunction 
with chemometric tools, like PCA or PLS, the on-line approach is quite feasible and can 
provide a useful supplement to other techniques such as OSEE. 
We wish to show appreciation to Ms. Yadilett Garlington, Bianca Brindley, and the other 
students who helped do much of the work reported here. Various phases of this work 
have been performed under contract NAS8-38609, D.O. 83 and Thiokol Contract 
#3MR029. 
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ABSTRACT 
In the joining of multilayer materials, and in welding, the cleanliness of the joining surface may 
play a large role in the quality of the resulting bond. No non-intrusive techniques are currently available 
for the rapid measurement of contamination on large or irregularly shaped structures prior to the joining 
process. An innovative technique for the measurement of contaminant levels in these structures using 
laser based imaging is presented. The approach uses an ultraviolet excimer laser to illuminate large 
and/or irregular surface areas. The W light induces fluorescence and is scattered from the 
contaminants. The illuminated area is viewed by an image-intensified CCD camera interfaced to a 
PC-based computer. The camera measures the fluorescence andlor scattering from the contaminants for 
comparison with established standards. Single shot measurements of contamination levels are possible. 
Hence, the technique may be used for on-line NDE testing during manufacturing processes. 
INTRODUCTION 
The use of light-weight composite materials in structures which must function under extremes 
of temperature, pressure, and chemical environment presents new challenges to design engineers. Often 
these structures are of multilayered construction, with each layer conferring on the assembly specific 
properties. These types of materials range from common metals such as aluminum, matrix composites 
(MMC's) based on TiAI, beryllium, or copper, to ceramic reinforced carbon and silica based composites. 
In the joining of these multilayer materials and the welding of metals the cleanliness and structure of the 
interface can play a large role in the strength of the resulting bond. Contaminants may be present on 
these materials as a result of the manufacturing process or due to subsequent handling. Often, the 
simple process of oxidation during storage may substantially modify the surface structure. These con- 
taminants may weaken adhesive bonding between layers via formation of a poor bond or via diffusion 
into one of the components. In the latter case the strength of the material may be compromised. 
It is clear that non-destructive evaluation (NDE) techniques which can enhance the quality of 
bonded and welded structures in the assembly stage would greatly improve their strength and reliability. 
Furthermore, improved NDE techniques which enhance workplace productivity through reductions in 
rejected components or recognition of defective parts early in the assembly stage could substantially 
reduce manufacturing costs. 
In this paper we discuss the development of a method which permits quantitative detection of 
contamination on bonding surfaces and which is capable of processing large, irregularly shaped surfaces, 
rapidly and in a non-destructive manner. The method is based on the principle that many of the 
contaminants will fluoresce when excited with UV light. However, unlike the traditional "black light" 
version of this principle used to detect contaminants, this method employs modem excitation and 
detection methods which can be readily quantified. The technique uses W laser illumination of large 
surface areas to excite fluorescence in the contaminants. The use of the laser allows for much higher 
illumination intensities than previously employed using ordinary "black light sources. The fluorescence 
excited by the laser is observed using a gated image-intensified television camera to provide a precise 
image of the object undergoing inspection. Thus, in a sense, a flash picture of the contaminants on the 
surface is recorded using this system without having to translate the item under inspection and without 
regard for the shape of the item. This image is collected in exposures on the order of 1s and captured 
using a simple, PC-based, commercially available frame grabber system. The image may be used by 
process controllers to flag items for contaminant removal and the image can be filed and stored for NDE 
documentation purposes. 
In the experiments described below we discuss the techniques used to select, quantitatively 
deposit, and image contaminants on a variety of manufacturing surfaces. 
EXPERIMENTAL 
The experimental effort followed a series - of - sequential steps to optimize the effectiveness and 
determine the sensitivity of the technique for a representative set of contaminants and substrates. 
0p:imization of the optical technique was accomplished by determining both the absorption and 
fluorescence spectra of the contaminants. From these spectra, excitation and detection wavelengths were 
selectedfor examination using fluorescence imaging. Fluorescence imaging experiments were ~rformed 
by recording the fluorescence signal as a function of contaminant dosing level and illumination intensity. 
The technique was evaluated with respect to absolute sensitivity, contrast, and linearity of response. 
Additional measurements were performed in which larger structures were contaminated and viewed by 
the imaging system. 
Selection and Dosing of Contaminants and Surface$ 
A specific goal of these measurements was the detection of Conoco HD-2 Calcium grease on 
D6AC steel, which is relevant to the bonding of the propellant liner to the Space Shuttle solid rocket 
motor (SRM). The full matrix of materials evaluated in the experiments is provided in Table 1 below. 
Table 1. Contaminants and Substrates Examined Using Fluorescence Imaging 
Substrate 
Contaminant 6061 A1 D6AC Steel NBR* 
- - 
- 
- -- 
-- 
Quartz 
Conoco HD-2 X X X X 
Mineral oil X 
DC 93-500 adhesive 
Halocarbon wax 
- .  
*~eo~rene-butadiene - - rubber 
- - 
Samples of the HD-2 grease were provided by Conoco. The mineral oil was spectroscopic 
grade and was purchased from Fisher Scientific. The DC93-500 - adhesive -- -- is a special space-qualified, 
low outgassing RTV compound %uf&tured -- -- by Dow-Corning and specified ---- by NASA and DOD for 
spacecraft use to reduce contamination effects. The halocarbon wax was purchased commercially from 
Halocarbon Pioducts Kc.-The composition o f & e e a G a s  not specified by thFvend&. - 
- 
~recisecon&nant dosing of the substrates was accom&ished using modified t&hniaues 
- ---- 
developed ~ ~ ~ N A S A  Marshall <pace Right ~ e n t a .  - -- -- ~ontmi;ants -- were dil!tein a volatil; solvent 
and applied to 2 x 2 in.2 coipons of the substrate material using a Paasche # airbrush. The coupons 
werejTaFed kiween'a qua& crystal t h C f i f n T m o ~ ~ m  -- Bycon --- - Inskume& ModzW- 100) 
and t\;;o ~ l u h i n u m f ~ ~ w ~ s $ & s  for d e t e m i n a t i o n T f ~ C d ~ s i n ~ I e v ~ ~ ~ ' e C O n ~ i n ~ f s ~ ~ L r e  
applied to the surfaces manually. Experiments were conducted to determine the spatial uniformity of the 
application technique and the fidelity-of the QTFM in determining the dosing level. Less than 10% 
non-uniformity was observed in the dosing of a 6 x 6 in2 surface which enclosed the subshate coupon, 
QTFM, and aluminum foil witness plates. 
The fidelity of the QTFM was verified by simultaneously dosing the QTFM and the two Al foil 
witness plates. The plates were weighted and compared with the mass gain inferred from the change in 
crystal oscillation frequency. These experiments could be performed without complication up to dosing 
levels of approximately 50 Pg/cm2. At this level the QTFM behaved erratically, indicating that there 
was poor coupling between the thick contaminant film and the crystal. Calibrations at higher dosing 
levels were performed by removing and cleaning the crystal prior to reaching the 50 pg/cm2 limit. 
Additional dosings were then performed with the clean crystal. The dosing level was obtained from the 
sum of the readings prior to each cleaning cycle. The correlation between the mass gain inferred from 
the QTFM and the A1 foil witness plates is better than 95%. 
Absomtion and Emission of S~ectra of Contaminane 
Contaminant absorption spectra were recorded using a standard laboratory spectrophotometer 
(Shimadzu W-3100). The contaminants were applied to S1-UV quartz substrates (160 to 2200 nm 
transmission) using the spray station at dosings ranging from 100 to 150 pg/cm2. The absorption spectra 
are presented over the relevant wavelength regions in Figure 1. The contaminants are observed to have 
absorption features primarily in the wavelength regions below approximately 250 nm, which is consistent 
with our expectation for aliphatic species. The spectra were analyzed using a Beer-Lambert Law type 
expression: 
100 
Mineral Oil (1 00-95%) 
.i " Halocarbon Wax (1 00-50%) 
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Fig. 1.  Absorption spectra of HD-2 Grease, DC93-500, mineral oil, and halocarbon wax. 
where a is the extinction coefficient in cm2lPg, T is the film thickness in Pg/cm2 and I. and I, are the 
incident and transmitted light intensities. The extinction coefficient is comprised of two components, 
absorption of the light by the contaminant and scattering and reflection of the light by the layer. To first 
order, only absorption leads to fluorescence, although multiple scattering and further absorption within 
the medium will enhance absorption. Thus, the measured extinction coefficient represents an upper 
bound on the absorption by the film. 
The optimum wavelength for the excitation and detection of these contaminants falls in the 190 
to 240 nm region. Two high energy excitation sources produce light in this wavelength region: an 
excimer laser operating on the ArF line at 193 nm and a W flashlamp, which has emission throughout 
the W and visible region of the spectrum. The ArF laser was used as source for excitation of the 
contaminants due to the close overlap between their absorption and emission bands. 
The absorption spectra and the extinction coefficients indicate that a small. fraction of the 
incident light is absorbed by the film, even for thicknesses as great at 150 pg/cm2. + Hence, the films are 
"optically thin" and attenuation of the excitation source through the layer is not an issue in the detection 
of the contaminants. The light absorbed by the film is simply: 
and by combining Expressions 1 and 2 we obtain 
In the optically thin limit (aT << 1) Expression 3 reduces to 
Hence, the absorbed intensity is linearly related to both the incident intensity and the contaminant film 
thickness in this regime. This is a primary feature of the fluorescence imaging technique. 
Emission spectra were recorded by irradiating an S1-UV quartz plate coated with the 
contaminants at an angle of 45 degrees with respect to the surface normal using the 193 nm output from 
the excimer laser. Fluorescence from the coated substrate was viewed at 45 degrees from surface 
normal and 90 degrees with respect to the laser axis with a 0.3 meter scanning monochromator equipped 
with a photomultiplier tube (PMT). The fluorescence was collected with an f74 W lens and passed 
through a KBr disk to block scattered light from the laser while passing the fluorescence at wavelengths 
longer than 200 nm. 
Emission spectra were recorded from 200 to 650 nm in two segments. A color filter was used 
to isolate the spectral orders of the monochromator. Spectra were recorded with coated and uncoated 
substrates and subtracted to eliminate substrate fluorescence effects, which were minor over most of the 
spectral region. The relative response of the spectrometer was calibrated using NBS- traceable 
deuterium and quartz-halogen emission standards. The emission spectra of the films are presented in 
Figure 2. The emission features are broad and all start from the short wavelength cutoff of the 
spectrometer and extend to approximately 400 nrn. ?he relative intensities are qualitative, but show that 
the HD-2 and mineral oil samples are the strongest, followed by the DC93-500 and the halocarbon wax. 
The emission spectra of the contaminants indicated that a broadband W filter which blocks the 193 nm 
laser light is optimum for detection of the contaminants. A Coming 7-54 color glass filter was chosen 
based on these considerations for use in these measurements. 
-- -- 
The wavelength resolved emission spectra revealed that the primary regions of emission occur 
where the films do not strongly absorb radiation. Hence, there will be no "trapping" of the fluorescence 
by the film. The combination of "optical thinness" for both the excitation and emission wavelengths 
leads to a contaminant detection system which should have a linear response over a broad range of 
contaminant levels. To first order, the observed fluorescence intensity can be related tn the absorbed 
intensity via the expression 
Mineral Oil -------..... 
DC93-500 X5 ........................ 
400 - Halocarbon Wax X5 
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Fig. 2. Emission Spectra of HD-2, mineral oil, DC93-500, and halocarbon wax excited at 193 nm. 
where 
af is the fluorescence efficiency for the contaminant, 
A, is the aperture of the fluorescence collection optics, 
no is the steradiancy (field of view) of the detection system, 
to is the transmission of the optics and filters, 
Q, is the quantum efficiency of the detection system, 
Np is the number of pixels in the detector for imaging, 
and where these quantities have been averaged across the bandwidth of the detection system, as 
appropriate. The reduction in S b N assumes that the detection system is viewing a spatially 
P. p homogenous field. Of course, this IS not a requirement of the system but it does place a lower bound on 
the signal levels. 
The fluorescence efficiency, Of, is given by the ratio of the fluorescence emission rate to the 
total rate of decay of the fluorescing state. The primary influence on the fluorescence efficiency is the 
rate at which the excited state is quenched by the surrounding molecules. Except for those molecules 
which arc quite close to the surface of the substrate or the air interface, the environment around the 
excited state is constant, and hence so is Only for extremely thin layers should the efficiency 
deviate from a constant value. The thickness at which this effect becomes important can not be 
predicted, a priori, but would be observed in the measurements as a curvature in the response of the 
system at low contaminant levels. 
O~tical Detection of C o n t a m i a  
Experiments were conducted to determine the energy and concentration dependence of the 
fluorescence signal from the contaminants on the substrates previously described. The experimental 
apparatus is shown schematically in Figure 3. The apparatus can be described in terms of an excitation 
system, a fluorescence detection system, and a diagnostics system. 
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Fig. 3. Experimental fluorescence imaging apparatus using an ArF excimer laser and gated, image- 
intensified CCD camera. 
The excitation system consisted of a rare gas halide excimer laser (Questek Model 2820) 
operated on the ArF line at 193 nm. The laser output energy was 200 milpulse at a repetition rate of 
10 pulses per second. The pulse duration was approximately 20 ns. The laser beam was rectangular 
(5 x 20 mm) and moderately divergent. A lens was placed at h e  beam exit port of the laser, causing the 
beam to come to a focus and then diverge as it illuminated the targetsubstrate, which was located 
approximately 150 cm from the lens. 
The substrate was typically a - - 2 x 2 in.2 coupon mounted on* optical post in the beam pa*. 
The laser beam fully illuminated the target substrate. A surface absorbing power meter (Scientech 36- 
0001) could be substituted in place of the target to measure the laser energy incident at the illumination 
plane. For these measurements - -  - the laser fluence was typically 100 ~ l i / c m ~ / ~ u l ~ e .  _Th  2 x 2 in.2 
couwns were dosed using the systemdescribed previously. A mask was Ggied to one half of the 
- 
coubn - during applicatbn d t h t  - - contaminant in r d e r  - --- to provide a c1gns~rface - - - reference -- - for each 
measurement. - - a- The sample - coupon was dosed sequentially, with increasing amamqua of the contaminants, 
- - = - = - 
when constructing a calibration curve. Repeated exposure to the W-ligEFidnboEGrVi5Se e&t on 
the behavior of the films, with the exception of the DC93-500 silicone dosed substrates, which wilI be 
discussed latec. -- -T - 
Contaminant fluorescence was observed using an intensified and cooled CCD camera (Princeton 
Instruments). The pixel resolution of the camera was 526 x 384. The intensifier was gated to match the 
duration of the fluorescence signal, which was typically 1 to 2 p. Gating of the detection system was 
also a key factor in excluding background illumination from the image. A 105 mrn fl4.5 W imaging 
lens (Nikon) interfaced - tothe - camera, - -  was - used to capture the fluGGence from the films. The Coming 
7-54 color filter was mounted at the entrance to t h e g s .  In some exprimegs, -A --- . a 32-105 mm standard 
zoom lens Nikon) was Ged to widen the field of view of +e detection system in order to observe 
contamination levels on larger objects. This capability was achieved at the expense of approximately a 
factor of 7 in sensitivity due to the reduced W transmission of the glass optics in the lens. 
The camera was interfaced to a computerized data acquisition system consisting of a PC type 
computer (Gateway 2000 486/33) operating on software furnished with the camera by Princeton 
Instruments. The software allowed for the acquisition of fluorescence images from single pulses of the 
laser. For weaker signals multiple pulses could be averaged on the camera chip or in computer memory. 
In most cases, single shot fluorescence intensities provided sufficient signal levels to meet the detection 
goals. Fluorescence intensities for the dosed and clean sides of the coupon were processed by the 
camera system to obtain signal levels (counts) per pixel. A simple subtraction of the two signals yielded 
the fluorescence intensity due to the contaminant alone as a function of position on the coupon. A false 
color scale could be applied to the image to indicate the absolute level of contamination, given the 
proper calibration factors. Images could be stored in memory for further processing, photographed for 
presentation, or used to produce contour plots of the contamination levels. 
The detection of HD-2 grease was the primary focus of the effort. Figure 4 shows the 
fluorescence intensity per pixel as a function of contaminant level for HD-2 on the aluminum, D6AC 
steel, quartz, and NBR substrates. Signal levels range from a high of 10,000 counts/pixel, where the 
camera saturates, to less than 100 countslpixel over a concentration range from 0.1 to 100 pg/cmz. A 
least-squares fit to the data on these log-log plots indicate that the signal is linearly proportional to the 
contaminant level, within experimental accuracy, over nearly three orders of magnitude. Furthermore, 
the linearity is independent of the identity of the substrate, i.e., the technique is equally applicable to 
insulating materials. The contrast between the dosed and clean sides of the substrate is excellent, and 
greater than 5 even at the lowest dosing levels considered. 
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Fig. 4. Fluorescence signal as a function of HD-2 contaminant level for various substrates. 
The behavior of the fluorescence as a function of laser illumination level is provided in Figure 5 
for the A1 substrate. The intensity is observed to be a linear function of the laser intensity for aluminum 
as well as all of the substrates considered. 
A lesser set of data was recorded for the detection of mineral oil, since it appeared to behave 
similarly to HD-2. As with the HD-2, the response of the fluorescence detection system is linear, within 
experimental error, as a function of both contaminant level and laser intensity. 
unanticipated problems arose in the detection of DC93-500 silicone adhesive. The fluorescence 
signal was strong but behaved erratically. Further investigation revealed that photdchemical 
of the adhesive by the W light was altering the composition of the film. This effect is most likely due 
to photochemical polymerization of the unreacted monomers in the contaminant layer. The effect was 
most pronounced for the D6AC steel, where a chemical interaction with the substrate produced a black 
layer which did not fluoresce. We believe this anomalous behavior is an artifact of the contaminant 
preparation method rather than an indication of the true response of the system to the silicone impurities. 
Our preparation technique allowed a high level of unpolymerized compound to be deposited on the 
surface. Normal polymerization of the RTV adhesive is via a radical catalyst. The photochemical 
production of these radicals by the laser promotes the further catalysis of the polymer, which was 
arrested by the dilution of the reacting mixture in the solvent at the time the sample was prepared. 
Detection of fluorocarbon wax by this technique proved quite difficult. Both the absorption and 
emission spectra indicated a weak response to light at 193 nm. The indications were confirmed when 
little or no signal was observed with the fluorocarbon wax. Our previous experience in imaging a 
fluorocarbon based vacuum grease had shown some promise. Hence, further examination of these 
compounds is warranted before excluding their detection by this technique. 
Laser Power (mWlcrn2) 
c.im 
Fig. 5. Dependence of the fluorescence signal on laser intensity for a 6061 aluminum substrate. 
DISCUSSION 
The fluorescence imaging results presented in this report verify the physical model of 
contaminant fluorescence based on simple absorption and emission of radiation in the optically thin 
limit. The model predicts a linear dependence of the contaminant fluorescence signal on contaminant 
level and illumination intensity. Our assumption that the technique was equally applicable on insulating 
and conducting surfaces was also verified. The influence of surface structure on the fluorescence signal 
was clearly evident in the data. As demonstrated in Figure 4, HD-2 grease fluorescence on 6061 
aluminum is much stronger than on D6AC steel for comparable dosing and illumination intensities. 
Two rather simple explanations might be offered to account for the differences. The first 
explanation considers the surface reflectance of aluminum compared to D6AC steel. The aluminum 
appears visually to be highly reflective. In contrast, the D6AC steel is black and has a grit blasted 
surface which acts as a good light trap. A highly reflective surface can effectively double the apparent 
light path through the contaminant. In the optically thin limit of contaminant absorption, this effect 
would increase the fluorescence signal on the aluminum by a factor of two compared to the steel for 
normal incidence by the light source. While this explanation is plausible, it is not consistent with the 
fluorescence data recorded on the q u m  (smooth and transmissive) and NBR (smooth and absorbing) 
substrates. The absolute sensitivity for HD-2 grease on both these smooth surfaces is virtually identical 
to the absolute sensitivity measured for HD-zon the aluminum substrate. Hence, we must conclude that 
the aluminum is not highly reflective at 193 nm and that the fluorescence signal is due completely to the 
first transit of the contaminant film by the excitation light. 
The second explanation for the apparent decreased sensitivity on D6AC steel is due to the 
increased surface roughness of the sample. Since the surface is highly roughened (approx. 100 pin. scale 
size), the effective surface area is much higher for a 2 x 2 in.2 coupon of the steel compared to the Al. 
The contaminant dosing assumes a smooth surface, hence the effective dosing level per unit surface area 
is reduced due to the surface roughness. Similarly, the intensity of the light incident on the surface is 
reduced by this same roughness factor. However, the projection of a camera pixel onto the roughened 
surface will incorporate the total mass and the total energy deposited into the area. Hence, the effects of 
surface roughness should cancel in the optical detection system. 
A second influence of the surface roughness may be in the coupling of the electronic energy in 
the contaminant molecules to the underlying substrate. For the roughened surface the effective thickness 
of the contaminant layer is reduced and the contaminant may interact with the surface to a much greater 
extent. The coupling of the molecular electronic energy to the surface acts to reduce the fluorescence 
quantum efficiency. The reduced fluorescence efficiency translates into a reduced detection sensitivity 
for the film. One impact of this phenomenon would be a non-linear dependence of the fluorescence 
signal on film thickness, since the range to the underlying substrate increases and its influence should 
decrease. The correlation of the fluorescence signal with the film dosing level for HD-2 on D6AC steel 
is somewhat greater than linear. However, the uncertainty in the correlation is with the limits of a linear 
response. Further data would be required to definitively establish the correlation. Data on the 
dependence of the signals on surface roughness and fluorescence excitation and viewing angles are also 
desirable to understand the response on D6AC steel. The acquisition of this data was beyond the scope 
of the current effort. 
The focus of our initial efforts was in the detection of specific isolated contaminants on a range 
of substrates. A key issue in the implementation of the diagnostic will be the ability to detect multiple 
contaminants, perhaps with different detection efficiencies. The data indicate that differentiation of 
contaminants will be extremely difficult in most cases. The absorption and emission bands for the 
contaminants examined in this effort had few features which might enable differentiation between 
compound types. Specific identification of compounds would not be possible except in well defined 
scenarios. We also did not examine any synergism between mixed contaminants on a surface. This 
synergism can influence the fluorescence signal as an enhancing factor, in which energy is transferred 
from an absorbing molecule to one which fluoresces with greater efficiency. A similar energy transfer 
mechanism could reduce the signal if energy was transferred to a compound which did not fluoresce or 
emitted light in a spectral region outside the detection system bandpass. In general, the diagnostic is 
best suited for situations in which the range of contaminants which might be present on the bonding 
surface is reasonably well defined. 'Ibis condition is present in a large number of bonding and 
manufacturing tasks. 
CONCLUSIONS 
The use of W fluorescence imaging of contaminants on bonding surfaces has a high degree of 
sensitivity, a linear response with contaminant level and light intensity, and is independent of substrate 
material. Large and irregularly shaped objects can be imaged with the technique, often without any 
rastering of the detection system or object required. Calibrated false color-encoded images of the 
surfaces can be provided with existing software. f i e  system h& been demonstrated to detect Conoco 
HD-2 rease on grit-blasted D6AC steel, 6061 aluminum, and NBR with sensitivity as low as 0.1 4 pg/cm (0.1 1 mg/ft2) with a spatial resolution of 1 mm2. This capability has direct application to quality 
control in the maintenance of Shuttle solid rocket motors. 
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ABSTRACT 
The use of reflectance Fourier transform infrared (FIIR) spectroscopy as a tool for surface 
inspection is described. Laboratory instruments and portable instruments can support remote sensing 
probes that can map chemical contaminants on surfaces with detection limits under the best of conditions 
in the sub-nanometer range, i.e.. near absolute cleanliness, excellent performance in the sub-micrometer 
range, and useful performance for films tens of microns thick. Examples of discovering and quantifying 
contamination such as mineral oils and greases, vegetable oils, and silicone oils on aluminum foil, 
galvanized sheet steel, smooth aluminum tubing. and sandblasted 7075 aluminum alloy and D6AC steel. 
The ability to map in time and space the distribution of oil stains on metals is demonstrated. Techniques 
associated with quantitatively applying oils to metals, subsequently verifying the application, and 
non-linear relationships between reflectance and the quantity oil are described. 
INTRODUCTION 
Reflectance Fourier transform infrared (Fl7R) spectroscopes are powerful techniques for 
materials characterization and surface analysis provided the spectrometer can address the appropriate 
location on a specimen under conditions for which the resulting measurement is meaningful(1). The 
spectra obtained over the energy range of 400 to 5000 cm-' (wavelength range of 2 to 25 pm) contains 
information that directly correlates qualitatively and quantitatively to chemical functional groups, and that 
can be read like a book by most chemist. Reflectance techniques include external or specula., internal, 
and diffuse reflection. In collaboration with Harrick Scientific, Inc., a system of remote sampling 
terminals individually dedicated to each of these reflectance techniques, along with the means for 
multiplexing these terminals, was developed for use with FI'IR spectrometers to obtain spectra from the 
surfaces of large flat or convex objects in ambient air or in environmental chambers with sufficient ease 
that meaningful statistical comparisons of spectra obtained from many locations on an object or from 
many objects can be made (2). Capabilities for gas analysis and emission analysis were also integrated 
into the system. External reflectance is done at 75" with an externally operated KRS -5 wire-grid polarizer. 
Internal reflectance uses a 45" single-reflection ZnSe element with p-polarized light, and diffuse reflection 
uses a barrel ellipse. The system, attached to a BIO-RAD FTS-60 FTIR spectrometer, also includes the 
capability to perform the above functions in controlled environments, i.e., cells and glove boxes, facilities 
for mapping surfaces, i.e., obtaining spectra from measured coordinates on a specimen, a I-m path 
high-throughput gas-cell, and a spare port. The key design features of these sensors are maximum light 
recovery from the specimen, maximum signal-to-noise (sensitivity) for a given spectrum, no limitation on 
specimen size, high specimen throughput rate, and convenience. A portable surface inspection 
*Managed by Martin Marietta Energy Systems, Inc., for the U. S. Department of Energy under contract 
DE-AC05-840R21400. 
instrument, consisting of a barrel ellipse diffuse reflectance sampling terminal attached to a MIDAC 
Illuminator FTIR spectrometer configured for 12-Vdc operation and minimum size (200 mm by 200 mm 
by 600 mm) and weight (13 kg) has also been developed. Internal reflectance spectroscopy is being 
heavily exploited by the chemical industry for process monitoring of organic liquids, requires intimate 
contact with the specimen, and has a strong potential for bulk and surface analysis of soft, organic 
materials. External and diffuse reflectance are methods for analyzing the surfaces of solids and their 
potential in process monitoring and inspection is just beginning to be recognized. This paper describes 
the application of external and diffuse reflectance optics to practical inspection processes on metals of 
practical importance. Qualitative and quantitative determination of surface contamination is 
demonstrated and discussed. Criteria are presented that are consistent with current state-of-the-art FITR 
spectrometry for a practical, hand-held FTIR surface inspection machine and the technical support 
necessary for its implementation. 
EXTERNAL REFLECTANCE 
~ x t e i a l  reflectance is simply the reflection of light - by a -- mirror - in which light passes through 
films on the m h r  surface. Grazinganse 75' Gflectance from relatively flat metd%l$xts is the most 
sensitive method of surface analysis, with gwlarized light (light oscillating normal to the sample surface) 
being absoTW by surfice species aXd i - & k z e d ~ ~ h ; ~ g h i  6 i c = t ~ ~ - ~  &e plane of the surface) not 
being abGrW xy suifke species. S m r a r  reffectance is normiQGjin~d&ededto he a method for 
analyzing mirror finishes, but in the mid-infrared region (X = -10 pm), quite a number of very practical 
surfaces passfor6iors. - - --- - -- -- High-qudty, front-surface, - gold miirors a k  used as the reference spectra, 
requiring a separate reference for each polarization. These mirrors are prepared bydegreasing with a 
household sp5T cleaners containing detergents and 2-butoxyethiiol grease cutters followed by a 
deionized water rinse, a 1-ks soak in concentrated sulfuric acid, another thorough deionized water rinse, 
and a rapid drying in a nitrogen stream. Calibration is done usGFga7uminum - 
- foil, whir3 is weighed, 
wiped uniformly with an oil, thoroughly wiped with dry tissue to remove all excess oil, and reweighed. 
Such treatment leaves behind typically 150 mg m2 (- 150 nm film, 14 mg ft") of residue, which is easily 
weighed on foil specimens of 0.1 m2 area and yields spectra of good quality. Many spectra (typically 12) 
can be obtained from one calibration specimen to give reasonable statistics-to the calibration 
measurement. CalPbrationswTre performed uGng b%-200 (3*)siIZone (Ziethoxy s G e ) ,  corn oil, 
(polyunsaturated triglyceride) and a commercial light mineral oil (aliphatic hydrocarbon). Table 1 shows 
the results of these calibrations. 
Table 1. Calibration values for oil stains on aluminum foil. 
- 
- - - - - --- 
- - - 
- 
- --  
- 
-  
Oil Band Calibration Factors Standard Deviation 
- - 
- - 
- -  - -  
- - 
----- --- 
DC-200 5 cps 2965 cm" 2.694 g m" (a.u.)-' 2960 nm (a.u.)-' 13% 
DC-200 5 cps 1265 cm-' 1.536 g m" (a.u.)-' 1688 nm (a.u.)-' 17% 
Mineral Oil 2925 cm" 1.491 g ma (a.u.)" 1373 nm (a.u.)-' 13% 
Corn Oil 2925 cm-' 1.324 g m" (a.u.)" 1218 nm (a.u.)-' 19% 
Corn Oil 1750 cm-' 1.490 g m" (a.u.)-' 1371 nm (a.u.)" 27% 
- -- -- 
The noise level of the system is typically 0.0002 a.u. near 2900 cm-', so that the presence of 
hydrocarbons at the nanometer film thickness level (1 mg ma) can be detected with certainty. Aluminum 
foil, as taken - - from -- the roll, shows no detectable hydrocarbon bands at the 0.0002 a.u. level. At this noise 
- --- - 
level, the sulfuric acid cleaning process appears to be equiv&ecto sputter cleaning of the gold mirrors 
immediately before obtaining the ref&= @iZiEi: A n g l e - r e s o l v ~ V o n ~ t r o ~ o p y  f a  chemical 
analysis (ESCA) generally supports the observations that the I-nrn hydrocarbon film, as detennined by the 
preceding calibration, left behind by the cleaning described above is equivalent to 1 nm of carbon residue 
supporting the general assumption that the calibration can be linearly extrapolated to lower 
concentrations. 
Galvanized sheet steel specimens (0.3 m by 0.3 m) were exposed to a variety of greases, paints, 
and oils, was hammered, and then a 0.1 m kgion near the center of each specimen was cleaned using a 
carbon dioxide pellet blaster. They were evaluated for residual contamination using 75" specular 
reflectance mid-infrared spectroscopy. Figure 1 shows the p, s-, and p- minus s-polarization spectra for 
this galvanized sheet metal in new condition, degreased with a spray cleaner, and thoroughly rinsed 
with water. The absorption bands for zinc oxide (1 100 cm-') and sorbed water (1600 cm-' and 3400 cm-') 
are obvious. A trace of water 
0.1 6 vapor (near 1600 cm-' and 3800 
0.14 cm-') can be seen in the p- and s- polarization spectra Since this 
0.1 2 water vapor is in the spectrometer 
A and not on the specimen surface, it ? 0.10 
5 occurs equally in both spectra and 
4 0.08 disappears in the difference 
spectra 
- 
E 0.04 Figure 2 shows typical p 
polarization spectra of galvanized 
0.02 sheet metal having ink, silicone, 
0.00 and corn oil stains with the 
as-cleaned metal. The carbon 
-0.02 dioxide pellet blasting cleaned 
4000 3000 2000 1000 these specimens to an effective 
Wavenumben hydrocarbon film of 3 to 5 mg m", 
with the exception of two figure 1. The polarization dependent, 75' specular reflectance that had a 
spectra for galvanized steel sheet referenced to a gold mirror. 
silicone-based, high-temperature 
0.6 lubricant that indicated 8 and 18 
mg ma as silicone. On the 
0 5  peripheral region of these 
specimens, where the carbon 
e dioxide blaster did not clean, 
0.4 
V 
silicone levels as high 118 mg mS 
were detected. The hammered I 0.3 surfaces were not as reflective as 
the original metal and resulted in a 
3 0.2 decrease in the signal to noise that translated into a lower level of 
detection of 1 mg m". 
0.1 
Another study involved 
0.0 the analysis of a 25-mm-dim by 
4000 3000 2000 loo0 1.45-m-long aluminum tube that 
Wavenum berm was suspected of being 
contaminated with some unknown 
F i r e  2. Typical p-polarized 7 5  specular reflectance spectra film. The axis of the rod was 
for contamination on galvanized steel sheet referenced a cleaned aligned with the direction of the 
gold mirror. Bottom-to-top: cleaned, corn oil stain, silicone grease, infrared beam, and the resulting 
orange felt-tip pen mark. spectra identified the contaminant 
as a silicone oil. The rod was then repositioned such that many spectra were taken along the surface of 
the rod to map the contamination along the rod. Figure 3 compares a spectrum from the rod to spectra of 
Dow-Coming silicone vacuum grease (high-viscosity), DC-200 silicone temperature bath fluid 
(low-viscosity), and fused silica (solid, spectra determined by internal reflectance). Figure 3 demonstrates 
0.4 the simple relationship between 
chemical functional groups and the 
infrared absorption spectra. The 
infrared spectra of the silicone oils 
+ 0.3 are very similar to fused silica 
? (0-Si-0 polymer) with additional 
a bands corresponding to CH, (2965 d ..2 cm-') and to Si-C bonds (1265 cm-I). Subtle differences around the o 800 cm-' distinguish the grease 
CT from the light oil. Based on 19 
0.1 measurements along the rod, the 
absorbance from the 2965 cm-' 
band was 0.0182 a.u. (49 mg m", 
0=0.0048 a.u.) and the 1265 cm" 
0.0 
4000 
band was 0.0499 a.u. (77 mg m", 
3a00 2000 1000 
-0.0184 a.u.) with no values 
Wavenumbers 
observed to be less than 29 mg m2. 
Figure 3. A comparison of external reflectance spectra from an Ratios of the methyl band (2965 
aluminum rod with silicone greases on gold mirrors. cm-') to the Si-C band (1265 cm-') 
Bottom-to-top: fused silica (by intemal reflectance), K-200 (5 cs), indicates that the silicone is not 
vacuum grease, aluminum tube. DC-200 (5 p s )  and this- is 
supported by the lack of structure 
near 850 cm". Thus, the conclusion that the silicone is similar to Dow Coming high vacuum grease. 
Others studies have been carried out on aluminum and aluminum alloys with good results. For these 
systems, the reflectance spectra indicate not only the presence of contaminants, but also bands from 
surface oxides and other reflective losses, perhaps from surface texture, that seem to be strongly dependent 
on the cleaning agent. 
DIFFUSE REFLECTANCE 
reflectance refers to light which is simultaneous1 
dium. Paper is an example of a diffuse scatterer. The absorbance 
relationship used for external reflectance of thin films discussed above is simply first-order absorption of 
light in a film as a function of concentmtion and thickness of the film leading to a logarithmic 
relationsfiip &tween light lost and concentri$ion/fiIm thickness. For a true diffuse reflector, differential 
eq"aiions-for &t orderlight ~catterin~and fh-3 order adsciption are s O i ~ u 7 t a n e O u s ~  tCyieId the 
~ u b e n $ ~ & Z 1 a E 6 n % f ~ .  f i e  optiiis required for diffuse reflectance issuch that only light diffusely 
scattered is directed to the detector and specularly reflected light is rejected from the detector, a process 
that is optimized by the barrel ellipse. For the analysis of textured metal surfaces, for which sandblasted 
m a  surfaces and graphite cloth are two common examples, diffuse reflectance optics are used to collect 
light that is specularly reflected in random directions. For the examples to follow, the light scattering 
process will be specular reflectance from randomly oriented micromirrors for which diffuse reflectance 
optics works very well. This approach has a significant loss of sensitivity relative to grazing angle 
external reflectance because the effective light path, determined by the angle of incidence and of 
reflection, - through - the film is shorter by a factor of 3 or 4, and - because p- -- and - s-polarizations cannot be 
separated. ?he s-polarized light-conhibutes to the total light intensity, but not to reflective losses, 
lowering the sensitivity by a factor of 2. For cleanliness, more sensitivity is always desirable, however, 
the 10,000:l or greater signal-to-noise is retained and losses in the high sensitivity, low detection limit are 
converted to good performance for thick films. For example the resin (tens of microns thick) on the outer 
surface of most graphite-resin composites (graphite cloth) is ideally suited for cure and heat damage 
inspection using diffuse reflectance optics. The barrel ellipse remote sensor is an imminently practical 
way to passively look down on a host of surfaces, without demanding too much knowledge of either the 
surface or the light scattering processes, to reveal a rich world of chemistry. As with most aspects of 
analytical chemistry, there remains the task of providing standards of known composition with which to 
calibrate the method. 
Marshal Space Flight Center provided several 6 by Gin. plates of sandblasted 7075 aluminum 
alloy and D6AC steel specimens that had been sprayed with grease contaminants (Conoco HD-2 grease, 
Kaydol oil, and CRC silicone grease) dissolved in a volatile solvent. Aluminum foil masks were used to 
fonn 1-in. wide concentration steps on these plates and the masks were sobsequently weighed to 
determine the quantity of grease deposited. Contamination levels varied from a clean fmt step to levels 
as high as -35 mg ft-'. These plates were analyzed using a barrel ellipse mapping station supported by a 
BIO-RAD ITS-60 FTIR spectrometer by obtaining spectra at 0.1-in. intervals along a line normal to the 
steps near the center of the plate. Spectra were taken using sandblasted gold as a reference, and once 
veMed to be as clean as the gold the reference was changed to the clean step on the plate. Each spectrum 
consisted of 256 coadded scans at 16 cm-' resolution and 4 times zero-filling. 
The results for the 7075 aluminum alloy in terms of the most sensitive peak heights for these 
contaminates are shown in Figure 4. The HD-2 grease was present on the plate as steps, but the lighter 
Kaydol oil at all but the lowest concentrations migrated to erase the steps. For Kaydol, the 5 to 6 in. step 
was not the maximum contamination level because this oil migrated off the edge of the plate. The higher 
0 1 2 S 4 6 6 0 1 2 I 4 8 6 
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Figure 4. Absorbance measurements on 7075 aluminum alloy based on the 2925 cm" band for HD-2 
and Kaydol and 1265 em" for the silicone. Squares - Kaydol, Circles - HD-2, Up-triangles - silicone, 
Down triangles - 3010 cm-' baseline. 
dose silicone levels appear to be in distinguishable. The MAC steel plates responded similarly, but with 
less sensitivity. Figure 5 gives the average step level and standard deviations for the data for both types of 
plates using the log-linear format because the sensitivity appears to decrease superlinearly with decreasing 
dose. Spectral manipulation techniques in FllR spectroscopy are very powerful tools that allow one to 
average all the spectra taken in a region to improve the signal-to-noise and thus the sensitivity for 
detecting surface contamination. Figure 6 shows the average of spectrum for each step for the 7075 
aluminum alloy plate and similar data for silicone on D6AC steel, the plate with the lowest detectability 
limits on the basis of both dose and substrate. For the six plates, the only step on which the presence of 
the contaminant could not be detected and distinguished from the other two contaminants was the lowest 
step (1.5 mg fr2 CRC silicone) on the D6AC steel plate. The spectra of HD-2 grease and the Kaydol are 
very similar, i.e., both are aliphatic hydrocarbons with the dominant C-H stretching band at 2925 cm-' 
and bending modes near 1400 cm-', with the exception that HD-2 grease contains a carbonate additive to 
Figure 5. Average absorbance measurements as a function of dose on 7075 aluminum alloy (left) and 
D6AC steel (right) based on the 2925 cm-' band for HD-2 and Kaydol and 1265 cm" band for the 
silicone. Squares - Kaydol, Circles - HD-2, Up-biimgleS - silicone. 
Figure 6. Reflectance spectra from 7075 aluminum alloy and D6AC steel. Each spectrum is located at 
its average step position and each spectrum is the average ten spectra taken on thatsEpr 
- - -  
- 
control pH that obscures the ~ - ~ & d i n ~  modes and makes for a clear distinction between the two 
contaminants. The silicone spectra were described in the previous section of this paper. - 
The behavior of various common contaminants on sandblasted aluminum plates (3-in. 
by 3-in. by 0.04-in.) have been further explored using a mechanically rastered air brush to apply the 
contaminant as a-dilute solution in acetone through -a mask that allows a 0.3-in. . .. diam. spot to be 
contaminated to relatively high levels of -1 g fr2. The dosews - cont;blled - by the composition and 
quantity of the acetone solution being sprayed. Mapping techniques -- ---- wem then applied tomeas-w a 
contamination profile across the specimen. These profiles were repeated ;time intervals to monitor the 
spread of the oil across the plate. Once the spread of the oil hadGbilized. lhespot could be mapped in 
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DIS 
Reflgcmce mid-infrared Fourier transform spectroscopy is a very powerful tool for determining 
the surface cleanliness of metals, particularly when remote sensing hardware is used so that there is 
minimum perturbation of the materials being analyzed and large numbers of analyses can be made. The 
large sample capability is critical both for mapping capability and for the passive nature of the analysis. 
Obtaining a cleanliness determination from metal parts is demanding, but not as demanding having the 
parts unaffected by the experience. External reflection at grazing incidence with p-polarized light on 
smooth metal surfaces yields the best detection limits. Diffuse reflectance optics offers an extremely 
practical approach to &host of real - surfaces -- - that areneither smooth or well understood. Computerized 
data processing of FITR spectroscopic data has been around for a quarter century. Much-progress has 
been made in the last two ye* in developing software to match the great and growing potential of 
microcomputers, particularly in the areas of speed and decreasing size and cost. A practical portable 
FTlR surface analyzer has been fielded. Smaller, more rugged, and more sensitive instruments operating 
at near real time speeds wiIl soon be available. The potential for imparting intelligence to these 
inspection machines is tremendous. 
- 
- 
- 
The surfaces to be analyzed, however, are infinitely variable and diverse with complex processes 
related to the fundamental manner with which particular contaminants interact with particular surfaces in 
relation to how light interacts with a particular surface and a particular contaminant. Apparent nonlinear 
calibration curves, and migration and fractionation of the contaminant over time are possible explanations 
for some of the above observations. Experimental technique is very demanding for the preparation of 
calibration standards, reference materials, and corroboration of calibration standards. But these 
techniques are no more demanding than the handling of very clean materials before, during, and after the 
analysis. Though these machines may be trained to recognize contaminants. mixtures of contaminants. 
and give forth a quantitative number, at the 10 mg ff2 contamination level the distinction between the 
spectra of an aliphatic hydrocarbon, a triglyceride, and a silicone is as plain as the nose on your face. 
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Abstract 
Contamination on bonding surfaces has been determined to be a primary cause for 
degraded bond strength in certain solid rocket motor bondlines. Hydrocarbon and silicone 
based organic contaminants that are airborne or directly introduced to a surface are a 
significant source of contamination. Diffuse infrared (IR) reflectance has historically been 
used as an effective technique for detection of organic contaminants, however, common 
laboratory methods involving the use of a Fourier transform IR spectrometer (FTIR) are 
impractical for inspecting the large bonding surface areas found on solid rocket motors. 
Optical methods involving the use of acousto-optic tunable filters and fixed bandpass optical 
filters are recommended for increased data acquisition speed. Testing and signal analysis 
methods are presented which provide for simultaneous measurement of contamination 
concentration and roughness level on rough metal surfaces contaminated with hydrocarbons. 
Introduction 
IR reflection spectroscopy is an analytical methodology that has been applied 
previously to the problem of surface and thin film characterization (1-3). More specifically, 
diffuse reflectance IR spectroscopy has been evaluated for detection of organic contaminants 
on bonding surfaces (4-6) and has been found to be effective for detection of contaminants 
with sufficiently strong IR absorption bands. The use of IR spectroscopy allows both the 
detection and identification of contaminant types since each has a characteristic absorption 
spectrum (fingerprint). However, the use of laboratory analytical FTIR instrumentation is not 
practical for on-line inspection or mapping of large bonding surface areas such as those found 
on solid rocket motor components the size of the Shuttle and large strategic defense motors. 
In addition to the rapid data acquisition requirements imposed by their large size, surfaces on 
solid rocket motors tend to be rough, such as grit blasted metal surfaces, or machined 
surfaces of fiber filled polymeric materials. Roughness has a tendency to lower signal to 
noise ratios and thus may impose additional constraints on optical design. 
Contaminants most commonly found on solid rocket motor bonding surfaces are either 
hydrocarbon or silicone based and are introduced by direct contact with tooling or personnel, 
or environmentally introduced via airborne particulates that are deposited on the surface. 
When these contaminants are found on rough metal surfaces, diffuse IR reflectance methods 
must be able to find the contaminant in the presence of roughness and further, must be able to 
distinguish contaminant concentration variations from roughness variations. Optical methods 
and data acquisition and reduction methods for providing speed and reliable detection of 
hydrocarbon contamination on rough (grit blasted) metal surfaces are specifically addressed in 
this paper. 
Methodology 
Hydrocarbons can be readily detected on a surface by looking for the presence of their 
characteristic carbon-hydrogen (C-H) stretch band at about 3.4 micrometers (pm). Previous 
work (4) has indicated that backscattered IR methods provide greater sensitivity to small 
concentrations of contaminants on rough metal surfaces than do specula methods. 
Backscatter optics must be coupled with a means for rapid detection of scattered light intensity 
over a continuous band of wavelengths or at several discrete narrow wavelength bands that 
include the 3.4 pm absorption band and at least two reference wavelength bands (side-bands). 
This is accomplished by using an acousto-optic tunable filter (AOTF) for continuous or 
discrete wavelength band detection, or by using fixed band-pass filters for discrete wavelength 
band detection. Figures 1 and 2 show schematic diagrams for these two optical methods. 
Both the AOTF and the discrete optical filter methods shown in the figures provide 
sufficiently rapid data acquTsitioTc@aEIity so that an instrumentbased on S&er method can 
collect data on-the-fly when scanned over a su-&Ceat speeds up to a few inches per second. 
Hence, measurement rates on the order of 10's to 100's of complete spectral measurements 
(described below) per second are achievable. The AOTF optical method is described in detail 
in reference (4) and will not be further described in this paper. The discrete optical filter 
method, shown in Figure 2, splits the scattered beam into three beams by using spectral beam 
splitters and band-pass filters. Each beam has its own detector, hence, parallel data collection 
is made possible for each wavelength band, significantly increasing data collection speed. A 
more complete description of this optical setup is found in reference (7). All data presented 
in this paper was obtained wilh the discrete optical filter design implemented in a packaged 
instrument cooperatively deveIoped by TMA Technologies and Thiokol Corporation and given 
the trade name of SurfMap-IIm. 
The-objectve of the optics is to rapidiy obtain rneiisurements from which the peak 
height of the C-H stretch absorption band is determined. The required measurements are the 
absorbance at two side-band wavelengths, with one on each side of the band peak, and the 
absorbance at the wavelength of the band peak. Figure 3 shows iheespPeCt*m o f a e  C-H 
stretch absorption band for a typicafhy~rocarbon contaminant with the'wxength bands of 
the three m ~ s u ~ e n t s  indicated. In order to determin'e the peakkabirban&i - --- a line is fit to 
the two sE-6Zid measurements to apFoximate the baseline of the Gectrum. The . 
interpolat-aiue of the baseline at the wavetength of the p e a  is subtracted from the 
measured peak absorbance. The resultant value, AA, is indicated in Figure 3 Zd has been 
found to%% directly related to coiiamination concentration (4-61.' The is 
mathematically described below. 
The linear approximation of the absorption spectrum baseline is calculated from 
where a and b are constants determined from the side-band measurements, 1 and 2, shown in 
Figure 3, and X is the wavelength. Constants a and b are given by 
2) b = (A, - A,) / (3.7-3.2) = (A, - A,) / 0.5 
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Figure 1. Schematic diagram for AOTF based optical setup. 
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Figure 2. Schematic diagram for discrete band-pass filter based optical setup. 
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Figure 3. Typical C-H stretch absorption band with filter band locations indicated. 
where A, and A, are the measured absorbances for the two side-band wavelengths. For the 
C-H stretch absorption band, side-band 1 wavelength is assumed to be 3.2 pm, side-band 2 
wavelength is assumed to be 3.7 pm, and the peak wavelength is assumed to be 3.4 pm for 
the specific optical filters used in the SurfMap-IP. Using equation 1, AA is calculated from 
4) AA=Ap-Ab(X=3.4)  
where 4 is the measured absorbance at the C-H stretch band peak. 
The absorbance measurements A,, A,, and A, are determined from the backscattered 
IR light power measured from the surface and from corresponding measurements taken from a 
clean reference plate with a known average root mean square roughness (RA). That is, 
The quantities PI,, Pa, and P, are the measured backscattered power levels from the sample 
surface at the respective wavelengths, 3.2, 3.7, and 3.4 pm. Likewise, P,,,, P,,,, and P,, 
are the corresponding power measurements for the clean reference plate. 
s important as it has 
been determined experimentaIly that -. - this - .-- procedure . - significantly reduc-es the effect of 
roughness variations on the measqement - - as will be further discussdin the next section. The 
SurfMap-IITM performs the calculations listed above and outputs a, b, and AA in the form of a 
computer image file which is constructed while raster scanning the instrument over a surface. 
Since The effect of roughness on absorbance measurements is reduced by applying 
equation 4, it is plausible that one or both of the constants a and b in equation 1 relate to 
roughness. In the following section, it is shown that the baseline slope, b, can be correlated 
with RA. 
Results 
A series of grit blasted steel @6AC) plates with clean surfaces and known RA 
roughness were mapped with the SurfMap-IIm. The average AA, a, and b were determined 
from scan data for each plate. Reference measurements were taken from a clean plate with 
known RA. These tests were repeated several times using reference plates with different RA 
values. The average AA, a, and b values were plotted with respect to average RA for each 
plate and it was found that b was proportional to the difference between the RA of the sample 
and the RA of the reference plate. That is, 
where S, is a proportionality constant determined by linear regression. 
The samples were then prepared with known concentrations (approximately 5, 10, and 
15 mg/ft2) of a hydrocarbon grease (CONOCO HD-2). Measurements of average AA, a, and 
b were repeated and it was further found that b was insensitive to the presence of 
contamination at these low concentrations. Hence, b provides an independent measurement of 
surface RA if RA,, is known and Sb has been determined. Figure 4 shows a plot of RA-RA,, 
verses b for all measurements from both clean and contaminated samples. 
Figure 4. Dependence of approximated spectrum baseline slope, b, on RA. 
When correlating AA with RA and with contamination concentrations it was found 
that AA is strongly dependent upon contamination concentration as expected since AA is a 
measure of the C-H band peak height, but it is also weakly dependent on roughness, that is, 
upon RA-RA,,. The dependence on RA-RA,, was found to be linear, but the slope of the 
line was empirically determined to be quadratically related to contamination concentration (see 
Figure 5) and the intercept was found to be proportional to contamination concentration (see 
Figure 6). That is, 
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Figure 5. Dependence of slope (S,) of AA verses RA curves on contamination 
concentration. 
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Figure 6. Dependence of AA on contamination concentration. 
where 
Substituting equations 10 and 11 into equation 9 gives 
The known hydrocarbon contamination concentration is h, and S,, y,, and S, are constants 
determined by a least-squares fit of measured AA, b, and known h to equation 12. 
When RA = RA,,, it is found that b =O and equation 12 becomes 
It is observed that the second term in equation 12 is the correction for RA when RA,, is 
different than RA for the sample (when b # 0). When the constants, S,, y,, S,, and Sb have 
been determined, it is possible to estimate the roughness corrected contamination 
concentration from 
which is obtained by solving equation 12 for h. If roughness is ignored, then contamination 
concentration is estimated from equation 10 by solving for h to give 
Figure 7 shows the correlation of estimated h with known h when using equation 15 and 
Figure 8 shows the correlation using equation 14. Note that when correcting for RA (using 
equation 14), the data spread is reduced measurably so that at low contamination 
concentrations @ near zero), the accuracy is improved by about a factor of 2 from about f 2 
mg/ft2 to about f 1 mg/ft2. 
Conclusions 
Optical methods have been recommended for providing rapid acquisition of 
absorbance data needed for detecting hydrocarbon contaminants on rough metal bonding 
surfaces. Signal processing methods have been developed for allowing simultaneous 
determination of contamination concentration and RA roughness. These optical and signal 
analysis tools provide a practical system for on-line inspection of large area bonding surfaces 
such as is found on solid rocket motors. 
0 2 4 6 8 10 12 14 16 
Known Concentration (mglftA2) 
Figure 7. Contamination concentration estimate from AA measurement compared with 
known concentration without correction for RA (equation 15). 
4 6 8 10 12 
 no& concentration (mglftA2) 
Figure 8. Contamination concentration estimate from AA measurements compared with 
known concentration using RA corrected equation 14. 
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ABSTRACT 
'Ibis paper will discuss how the Kennedy Space Center intends to perform precision cleaning 
verification by Airwater Impingement in lieu of c b l o r o f l u ~ n - 1 1 3  gravimeaic nonvolatile residue 
analysis (NVR). Test d t s  wilI be given that demonstrate the effectiveness of the Airwater system. A 
brief discussion of the Total Carbon method via the use of a high tern- combustion analyzer will 
also be given The necessary equipment for impingement will be shown along with othe~ possible 
applications of this technology. 
INTRODUCTION 
Recent links between chlorofluorocarbon 113 (CFC-113) and upper atmospheric ozone depletion 
have caused the John F. Kennedy Space Center (KSC) to plan the phase out of all CFC's by 1995. CFC- 
1 13 is currently in use at the Kennedy Space Center as a precision cleaning and verification solvent. A 
CFC- 113 rinse is routinely used to verify that snall fittings, valves and regulators, large valves, pipes, flex 
hoses, and tubin meet non-volatile residue (NVR) requirement of less than 11.1 milligram (mg) per 5 square meter (m ) (1 mg/ft2) of surface area 
Small parts NVR wrihtion has successfully been met by the use of deionized water and 
ultrasonic baths (Allen, pp 3748). Currently, CFC-113 is being phased out and water/ulmnics is being 
phased in for d parts only. However, a technique for the verification of large components needed to be 
identihi. Based on the success of small parts with water, and for environmental reasons, it was desirable 
to attempt large component verification with water. 
Presently, KSC pmeses close to 250,000 piece parts through the Component cleaning facility 
per year. Only 1000 of these parts fall under the heading of large components. These are components too 
large for the cleaning and verification processes conducted in the cleanroom. Consequently, these parts 
are cleaned and vexified in an area known as Field Cleaning. Cunent (JFC-113 cleaning and verification 
techniques accounted for the purchase of about 60,000 pounds of solvent during the 1993 calendar year. 
While 1000 is not a large number of components, the quantity of CFC-113 used for verification is quite 
large due to their size and configuration. 
Items found under the heading of large components are fluid system components: valves, 
regulatofs, and relief valves. KSC has a huge number of oxidizer s stems. These systems, both cryogenic 1 and hypergolic, require a cleanliness level of 11.1 mghn2 (1 mg/ft ) to ebbate any m b l e  fuel to 
support combustion in a highly oxidizing envhmment. The variety of large components entering Held 
Cleaning eliminates the possibility of an automated system due to a la& of sh ih i ty  among parts. A 
manual system of cleaning verification by a pmperly (rained technician is required. The system needs to 
be as insensitive to the variation in the technician-related pmxdure as possible. 
Large components are routinely received in the Reid Cleaning Facility that may be contambmed 
with several hnilies of substances. These families can be summarked as hydrocarbons, silicones, 
fluorosilicones, and fl-. Therefore, any test to evaluate a new cleaning and/or vexification 
method must address these con-ts. 
KSC's answer to this problem is cleaning verif~cation by airlwater impingement. Over the last 
several years development bas been progressing on this new verification technique @caring, pp 66-77; 
Melton, pp 642-650; Melton, pp 97-107). The evolution of the design and development process has 
produced the air/watex system shown in Rgure 1. The system consists of a regulated gas supply, a 
pressurized water tank, a water metering and injectioi~ device, a flex hose, a nozzle assembly, a catchpan, 
and associated valves, fittings, and hardware. 
The gas supply pmsuxe is used to pressurize the water tank via the water injector. The water 
injector utilizes two ofiices to control the gas and.water flowrate. The first orifice provides a pressure 
differential between the gas stream upsweam and downstream of the orifice. This, in turn, pressurizes the 
water tank. The pressuhd deionized water is then injected through a liquid metering orifice just 
downstream of the gas metering orifice at the point of lowest pressure. The flex hose allows the nozzle to 
be manipulated k l y  for work on various components or surfaces. The nozzle assembly consists of one 
or more supersonic, converging-diverging nozzles. 
2.20 MF'a (320 psig) 
ate-r Flowrate 32 mumin 
Gas Flowrate = 14 Ws 
and Mixing 
Chamber 
1 
Figure 1 Schematic of Gas Liquid Supersonic Nozzle System 
Theory 
The nozzles were designed for two-phase flow using the assumption -&at ifiinozzle would 
expand the mixture isentropically. The area ratio was optimized to create the highest velocity with the - 
shortest nozzle geometry, having a ratio of the throat area to the exit area of 5.44. It was found that, if the 
diverging section was too long, fiiction would cause a normal shock to form inside the nozzle, reducing 
the nozzle effectiveness. The exit mach number of the nozzle as designed is 3.2. The water flowrate and 
gas pressure required were determined empirically. The quantity of water used is small compared with 
other impingement methods; thus, the concentdon of c~ntarninant in the water is high and relatively 
easy to evaluate. 
The solubility of most commhnts is very low in room temperaUm water. Because a 
homogeneous suspension is required for Total Carbon (TC) analysis (the tezhnigue used to verify NVR 
level). a technique mpabIe of putting the contaminant into stupemion is required In the snail pars 
verification process, ultrasmk energy is used to place the contaminant into sqmsion. In this 
impingement process, the velocity of the water droplets, which are accelerated by the air, provides the 
energy required to remove tbe contaminants and place them mto a water emulsion. After impingement, 
the collected water is subjected to TC analysis, which determines the parts per million @pm) of carbon in 
the sample. 
The Dohnnann DC-190 High Temperature (880 "C) Combustion 'IC Analyzer was used. In the 
TC analysis technique, a sample of water/contaminant rinse is inmduced into the combustion chamber, 
converted to carbon dioxide, and measured by a nondispersive inbred detector. The c o n c e n ~ o n  of
carbon is measured in parts per million @pm). 'Ihis is a simple technique and easily adaptable to a 
production environment. Tbe major didvantage is low response to silicone class compounds, where 
carbon content is dependent on functional groups.. With TC analysis, tfie concentrations of inorganic and 
organic carbon can be determined. It is known that the majority of contribution from contaminants entails 
organic carbon. Therefore, TC is a good representation of the amount of contaminant in a sample. 
The objective of testing was to obtain both wakr impingement samples and CFC-113 samples in 
parallel tests from each of four similarly sized valve bodies. This was a c c o m p l i .  by subjecting each 
valve body to an initial cleaning process, followed by either an impingement cleanliness verification or a 
CFC- 1 13 gravimetric NVR cleanliness verification. In both set-ups, the valve body was suspended over a 
catchpan, which caught the effluent frwn the process and directed it into a beaker located beneath the pan. 
Before testing began, both catchpans were thoroughly cleaned for approximately 15 minutes 
using the impingement nozzle. Water and CFC-113 blanks were then captured in order to determine a 
baseline cleanliness of each pan. All valve bodies were immersed in a 60°C (140°F) bath of Brulin 
815GD for 30 minutes and then rinsed with 82OC (180°F) water. The valves were then immersed in an 
ultrasonic bath rinse tank for 15 minutes with a submerged water jet, cooled with an ambient water rinse, 
and dried with air. Impingement samples were taken after the initial cleaning of each valve to establish a 
baseline cleanliness level. 
Each valve body was evenly contamhted with one of four contaminants at one of three 
contaminant levels. The four contaminank used were: 
Amoco-Rykon II (petroleum grease) 
Chevron Molykote (molybdenum disulfide grease) 
Dow-Corning DC-55M (silicone grease) 
Dupont Krytox 2AO AC (fluorinated polyether grease) 
Each contaminant was tested at three c m ~ o n  levels: 11.1,22.2,111 mg/m2 (1.2, and 10 
mg/ft2). After contamination, the next step was impingement for two minutes followed by a CFC-113 
rinse, which removed any contaminant that may have remained on the body. In the case of the equivalent 
CFC-113 test, the valve body was &wed with approximately 100 ml of CFC-113 after the contamination 
occurred. 
In summary, the valve bodies were processed through a complete cleaning and each of the two 
cleanliness vacation cycles. One process involved cleaning, contamination, and verification by 
impingement; the other invdved cleaning, contamination, and vmcation by CFC-113 rinsing. This 
procedure allowed for direct comparison of the results. 
Analysis 
After each series of tests, TC analysis and two NVR analyses were performed (one each for the 
CFC-113 rinse following wmgement and the CFC-113 rinse vd~cat ion tests). In the TC anaIysis, a 
200 microliter QL) sample was injected into the combustion chamber for processing. A TC reading, in 
ppm, was obtained. Typically, an average of three to five injection samples was required to obtain a 
consistent value. The remaining effluent volume was then measured for use in the equivalent NVR 
(ENVR) calculation. ENVR is the value of a NVR analysis that would have been obtained using 
conventional CEC- 1 13 rinse methods. The eqdon was as follows: 
(Equation 1) 
where 
Va = volume, acRtaI collected (mL) 
TCS = total carbon, sample (pprn) 
TCB = total carbon, bIank (ppm) 
Vav = average volume of effluent collected, 45 mL (based on impingement duration, nozzle 
flowrate) 
S = sensitivity, (pjnnlmg) 
A = area of impinged surface (m2) 
-- 
A gravimetric NVR was performed on the CFC-113 rinse that followed impingement to determine if any 
contaminant remained after the process. This was another check on the removal efficiency of the 
impingement method. 
Resulls - 
The sensitivity factor is a measure of the level of responsiveness of the process. Sensitivity values 
were determined from the following equation: 
Va * (TCs - TCB) 
s = -------------------- (Equation 2) 
Vav * Cact * A 
where: CSt = actual contam 
Table 1 contains the c a l M  sensitivities for the conta@nants at each of the three 
contamination levels. From these- an overall sensiu'vii[usd~ Equation 1) was determined. An 
average value of sensitivity fix each contaminant at e i h  level was f i t  calculatdld weighed, based on 
the likelihood of finding it on the actual component. Since the area of primary concern was in the 11.1 
mum2 (1 mg,ft2) range, the overall sensitivity factor for the process was chosen at the 11.1 mglm2 (1 
mg/ft2) level. While this will give lower ENVR's for higher contamination levels, it s h o d  fail any 
component having an initial contamination greater that 11.1 mghn2 (1 mg/ft2). 
Table -1 Sensitivity vs. Contaminant and Contaminaton Level 
C h e m  Molykote 
DOW C h g  DC-55M 
Table 2 contains a comparison of average ENVR's calculated from the impingement results and 
NVR values obtained directly from the CFC-113 testing. The ENVR for each contaminant at the three 
contamination levels was plotted and may be seen in Wgures 2 - 6. Three of the four contaminants were 
readily detected; Krytox 240 AC, which has very low levels of carbon, was not detectable by TC analysis. 
However, the NVR analyses of the QT-113 rinse that followed the valve impingement showed that the 
impingement method effectively removed Krytox 240 AC from the valve body surface. 
Table 2 - Average ENVR vs. NVR (mg/0.09m2) 
Chevron Molykote 
On viewing these data, some scatter will be seen. This is due to the sensitivity of the system to 
the operator's procedure and environmental conditions. Tie data presented in this paper were gathered in 
less than ideal environmental conditions, but are felt to generally be representative of the -1ities of 
the system. Presently, operati<ws have been moved to a clean roam facility where testing is being 
conducted using the same baths and rinses as the production cleaning operations are using. 
Figure 2 - Initial Contamination Level vs. Equivalent NVR for DC-55M 
u 
4.m 1 Jam 
I 
Figure 4 - Initial Contamination Level vs. Equivalent NVR for Chevron Molykote 
Figure 5 - Iaitial Contamination Level vs. Equivalent NVR for Krytox 2AO AC 
The curves in Figure 6 indicate that, if extrapolated to an initial contamination level of zero, all  
of the curves intersect the ENVR axis at values above zero. Since it is not possible to completely clean a 
component to the zero l e d ,  and the exact level and content of initial contaminant is unknown, there will 
be a baseline "noise" level of ENVR. 
Table 3 containing ENVR values for the tested valve size has been genmted horn the data 
shown in Figure 6 and Equation 1. Using this table, a technician will be able to read an ENVR value 
based on the component she, TC reading. and actual volume of effluent collected. The technician will 
then compare the ENVR to the 11.1 mg/m2 (1 rngift2) passffail criterion. A series of tables for different 
component surface areas will be generated for field usage after future tests are completed. 
S 
Vol (mD\TC 
(pprn) 
30 
32 
34 
36 
38 
40 
a 
Table 3 - Example ENVR Calculation Worksheet 
Equivalent NVR (mg/0.09m2) 
3.4 A = 0.9 fi2 
2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 
Differing methods of applying this impingement technique are bemg developed. Rather than use 
a wand with a single nozzle, devices that automatically rotate and contain multiple d e s  are under 
development. These new took should reduce the em>rs induced by diffexences in operators or procedures. 
Such new tools have the poentbl for greatly reducing the amount of time that is required to sample a 
component while greatly inaeasing the sensitivity to contamination on the component being verified. 
CONCLUSIONS 
The results of the testing Wormed to date have shown that the Impingement Verification 
System (IVS) will be a successful replacement for the Wtional CFC-113 rinse method for cleanliness 
verification for large corn-&. Three of the four contaminants tested were able to be detected using 
N S  and TC analysis. Krytox 240 AC was not detectable, however, it is oxidizer-compatible and could 
not support combustion, and, the~fore, not of concern. 
It must be emphasized that although this method is successful for the particular application at 
KSC for which it was developed, it must be appropriately milored in order to be used in other applications. 
The system in which it would be applied, the types of contaminants, and the contamination level all play 
an important role in the detembtion of the sensitivity factor. 
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Abstract 
Oxidizer propellant systems for liquid-fueled rocket engines must meet stringent cleanliness 
requirements for particulate and nonvolatile residue. These requirements were established to limit residual 
contaminants which could block small orifices or ignite in the oxidizer system during engine operation. 
Limiting organic residues in high pressure oxygen systems is particularly important. The current method 
of cleanliness verification used by Rocketdyne requires an organic solvent flush of the critical hardware 
surfaces. The solvent is filtered and analyzed for particulate matter, followed by gravimetric determination 
of the nonvolatile residue (NVR) content of the filtered solvent. The organic solvents currently specified for 
use (1,1,1 -trichloroethane and CFC-113) are ozone-depleting chemicals slated for elimination by December 
1995. 
A test program is in progress to evaluate alternative methods for cleanliness verification that do 
not require the use of ozone-depleting chemicals and that minimize or eliminate the use of solvents 
regulated as hazardous air pollutants or smog precursors. Initial results from the laboratory test program to 
evaluate aqueous-based methods and organic solvent flush methods for NVR verification are provided and 
compared with results obtained using the current method. Evaluation of the alternative methods was 
conducted using a range of contaminants encountered in the manufacture of rocket engine hardware. 
Introduction 
Backmound 
Stringent particulate and nonvolatile residue (NVR) cleanliness requirements for liquid rocket 
engine hardware, including fuel, oxidizer and pneumatic systems, are imposed by customer specifications. 
The current method for cleanliness verification involves a final flush of the hardware surfaces immediately 
following the vapor degrease or solvent flush precision cleaning operation. A sample of the final flush 
solvent is collected, filtered for particulate matter analysis and tested for nonvolatile residue by a gravimetric 
technique. The specified cleanliness requirement is less than 1 mg of NVR per square foot of significant 
surface area. Significant surfaces are defined as those hardware surfaces that may contact the propellants or 
pneumatic gases during engine operation. 
A variety of hardware configurations, material substrates and contaminants are encountered during 
the final cleaning and verification process. The hardware includes simple detail parts such as seals, 
bearings, nuts and bolts; complex detail parts such as lines, pump and valve housings, and pump volutes 
and impellers; moderate size subassemblies such as valves, flex joints and turbopumps; and large complex 
subassemblies such as flexible propellant ducts, powerheads, nozzles and main combustion chambers. 
Material substrates include nickel, iron and cobalt-base superalloys; stainless and low alloy steels; 
aluminum alloys; copper alloys; nickel, silver, gold and copper plating; polychlorotrifluoroethylene, 
polytetrafluoroethylene, polyimide and polyethylene terephthalate plastics; various elastomers; carbon; and 
dry film lubricants. Typical contaminants include machine coolants; machining, cutting and tapping fluids; 
hydraulic fluids; inks; dye penetrants and other fluids to support NDT operations; hydrocarbon, fluorinated 
and silicone greases; paraffin waxes; detergent residues; tape adhesive residues; and fingerprints. 
The solvent predominantly utilized by Rocketdyne for precision cleaning and cleanliness 
verification is l,l,l-trichloroethane (TCA). TCA is an ozone-depleting substance and will be banned from 
manufacture as of December 1995. Rocketdyne has an environmental task to evaluate and implement 
alternative methods of cleanliness verification that do not require the use of ozonedepleting chemicals and 
that minimize or eliminate the use of other regulated solvents. In general, the alternative technique(s) must 
be capable of detecting a variety of contaminants, be suitable for use on a variety of surface finishes, be 
capable of sampling internal cavities where the residue is most likely to be entrapped, not recontaminate the 
hardware, yield quantitative results that can be correlated to the current technique, be compatible with 
hardware materials, be applicable in a production environment and at the same time meet environmental and 
safety constraints. 
ADDroach 
The overall task proceeds from laboratory evaluation of the candidate techniques to hardware-scale 
demonstration to final production implementation. The status of the laboratory-scale evaluation of the 
aqueous and the organic solvent techniques will be discussed. 
NASA-KSC has deveIoped an aqueous verification technique in which the cleaned part is 
ultrasonically agitated in heated deionized @I) water to remove any residual organic contaminants from the 
surfaces.(l) The contaminant concentration in the water is then determined by total organic carbon (TOC) 
analysis. Based upon the promising results obtained by NASA-KSC, the technique is under evaluation 
using the contaminants, substrates and configurations specific to Rocketdyne. However, as the technique is 
applicable to hardware of a limited size and some items (i.e., dry film lubricated parts and fragile 
instrumentation) are damaged by the ultrasonics, additional techniques wiIl also be required. Organic 
solvents, other than the ozone-depleting chemicals, are under evaluation for these applications. 
To evaluate the aqueous technique developed by KSC, the effectiveness of ultrasonic agitation for 
removing contaminants from surfaces was determined and the method of TOC analysis for determining the 
contaminant concentration in an aqueous medium was investigated. The effectiveness of ultrasonics was 
initially determined on small, flat coupons. Investigation of the TOC technique included determination of 
sample preparation techniques, construction of correlation curves and determination of the limits of 
detection. Finally, the entire verification process, ultrasonic removal and TOC analysis, was pedormed on 
coupons with a known level of contamination and the results verified gravimetrically. Additional testing 
will be conducted using complex test samples and small hardware. 
The evaluation of alternative organic solvents will proceed along the same path as the 
investigation of the aqueous method except greater emphasis will be placed on solubility characteristics 
rather than on mechanical agitation techniques to remove g e  c o n t a m n f r o m a  surface. The candidate 
fluids were identified, physical and chemical properties tabulated, and a review performed by Rocketdyne's 
Health, Safety & Fire Engineering and Environmental Protection departments. Downselected candidates 
were tested for residue and contaminant removal effectiveness. Once the final candidates have been 
identified, they will be tested for rinsability and material cornpatiblity. Removal testing on complex 
coupons and small hardware will then proceed as with the aqueous method. 
- 
- ~ 
Procedure 
ffectiveness of ulirasonicig~nnWith heated waier t6 renT6ve 
contaminants from flat coupons was evaluated. Small (1" x 1") flat - Aloy - -  718 coupons were initiaIIy 
prepared by ultrasonic cleaning in tetrachloroethylene, drying,ultrasonic cleaning i i ihea ted~r  water and 
drying. The coupon weights were monitored afikr each drying step to verify deanliness. - f i e  cleanhg cycle 
was repeated until no weight chinge was noted. - - Upon verification of cleanliness, eachBnpolr was = -  
contaminated by spreading approximately 2 mg off ie  contaminant - over one surface ~ ~ o ~ p 0 n S ' w e r e  
then heated for1 hour at 95OC, allowed to cool and reweighed to d e t e h e  the amount of contaminant 
remaining. The heating step eliminated any highly volatile species and more closely simulated the nature 
of a contaminant residue as it is present on actual hardware. Each coupon was then immersed in 100 mL of 
deionized water heated to 52°C and ultrasonically agitated for 10 minutes. The coupons were dried for 0.5 
hour at 95OC, allowed to cool and reweighed to determine the residual contaminant remaining on the 
coupon. The percentage contaminant removed from each coupon was calculated from the weight data. 
Testing was conducted using a 0.75-gallon, 47-kHz ultrasonic tank with a 150-watt power level 
and a 5-gallon, 25-kHz ultrasonic tank with a 600-watt power level. All tests were performed in triplicate 
using the contaminants listed in Table 1. 
Table 1. Test Contaminants 
TOC 1 C o w i n a n t  Concentration Correlation Curves 
To relate the TOC value of a sample to the actual contaminant concentration, a series of 
correlation curves were generated using prepared standards. Standard s~lutions of 20.5 ppm, 50.5 pprn and 
80.3 pprn of Cool Tool; 19.5 ppm, 50.8 pprn and 93.3 pprn of MIL-H-5606 hydraulic fluid; 24.0 ppm, 
52.3 pprn and 81.0 pprn of CRC 3-36; and 20.3 ppm, 59.3 pprn and 88.0 pprn of Centerpoint Lube each in 
400 rnL of DI water were prepared. To emulsify the contaminant, each solution was agitated by manual 
shaking for 30 seconds and then immersed in a 25-kHz ultrasonic bath at 52°C and agitated for 10 minutes 
after thermal equilibrium had been obtained. Each solution was then analyzed in triplicate for TOC content 
using a Rosemdunt Analytical Model DC-190 High Temperature TOC Analyzer. A sample of DI water 
was also analyzed to obtain a blank value. 
TOC] A w i s  of Water from Coupon T e s  
A quick assessment of the feasibility of the ultrasonic agitation/TOC analysis for cleanliness 
verification was performed using the small Alloy 7 18 coupons. The coupons were cleaned, verified and 
contaminated as in the ultrasonic removal tests, except varying levels of initial contaminant were applied. 
The target contamination levels were 1 mg, 2 mg and 5 mg. Two contaminants were tested, Cool Tool and 
Centerpoint Lube. Each sample was ultrasonically agitated in 100 mL of heated DI water as described 
previously. The water sample was then analyzed for TOC content. From the correlation curves, the 
contaminant concentration in the water was calculated and the total amount of contaminant removed from 
the coupon was calculated using Equation 1. 
Contaminant Removed (mg) = TOC - B x V 
M 
TOC = TOC value in ppm or mgiter  
B -  the y-intercept of the correlation curve, i.e., the TOC of the DI water blank in 
ppm or rngiter 
M -  slope of line of correlation curve in ppm TOC / ppm contaminant concentration 
or (mgfliter) / (mgiter) 
v -  volume of water used for ultrasonic extraction in liters 
For comparison, the amount of contaminant removed was also calculated by the change in coupon weight 
after ultrasonic immersion. 
Test coupons with configurational complexities (Figure 1) were utilized to further test the aqueous 
verification technique. The coupons were precleaned by ultrasonic agitation in TCA for 10 minutes. 
Cleanliness was then verified by ultrasonically agitating each coupon in 500 mL of TCA and performing a 
gravimetric NVR on the TCA. Each sample was immersed in 500 mL of 52°C DI water and ultrasonically 
agitated for 10 minutes. The water sample was analyzed for TOC to provide a "blank" value. The samples 
were dried and 5 to 10 mg of Cool Tool applied to each coupon. Each sample was then immersed in 
500 mL of 52°C deionized water and ultrasonically agitated for 10 minutes. The water sample was 
subsequently analyzed for TOC. Each coupon was reverified clean by ultrasonic agitation in TCA followed 
by gravimetric NVR. A sample that had been contaminated, but not aqueously verified, was solvent 
verified as a control. 
T h r e a d e d t o  Holes @ 1njwmr Holes 
~ h r d u ~ h  
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Figure 1. Alloy 7 18 Complex Test Coupon Configuration 
Organic Solvent Evaluation 
A list of candidate alternative solvents was compiled from a literature search, published data bases 
and supplier information. The categories of solvents considered included chlorinated solvents, 
hydrochlorofluorocarbons (HCFCs), perfluorocarbons (PFCs), hydrofluorocarbons (HFCs), 
fluoroiodocarbons (FICs), alcohols, terpenes, ketones, aliphatic and alicyclic hydrocarbons, ethers, glycol 
ethers, esters, amines, aromatic hydrocarbons, methyl siloxanes and parachlorobenzotrifluoride. An 
abbreviated list of candidates was compiled using the following criteria: 
Essential characteristics: 
Moderate to high volatility to promote evaporation from complex hardware and ease of 
performing a gravimetric NVR 
Comparable solubility to trichloroethane for a range of contaminants used at 
Rocketdyne 
Available in high purity and leaves little or no residue upon evaporation 
Existing or near-term availability 
Non-ozone depleting 
Desirable characteristics: 
Not currently listed nor proposed to be listed on California Proposition 65, AB2588 or 
classified as a HAP (hazardous air pollutant) 
Does not contribute to global warming 
Not classified as a VOC (volatile organic compound) 
Permissible exposure level greater than 100 ppm 
Nonflammable 
Inoffensive odor 
Contaminant removal tests were then performed to assess the effectiveness of the candidate 
solvents relative to TCA. Approximately 10 to 30 mg of contaminant were applied to the bottom of a 
clean, tared aluminum weighing pan. The contaminated pan was heated for 1 hour at 95"C, allowed to cool 
to room temperature and reweighed to determine the amount of contaminant remaining. The dish was then 
sequentially filled and drained with the filtered test solvent until a total of 100 mL had been used. The pan 
was dried for 1 hour at 108°C to evaporate any residual solvent, allowed to cool to room temperature and 
reweighed. The percentage of the initial contaminant removed was calculated using the weight data. A 
gravimetric NVR was also performed on each solvent sample and a percentage of contaminant removed was 
calculated. Tests were performed in triplicate with the contaminants listed in Table 1. 
Results and Discussion 
Ultrasonic Contaminant Removal Tests 
The results from the removal tests for the seventeen contaminants tested using both the 47-kHz 
ultrasonic bath and the 25-kHz bath are shown graphically in Figure 2. In general, the 25-kHz bath was 
slightly more effective than the 47-kHz bath. The average removal of all of the contaminants was 83% for 
the 47-kHz bath and 85% for the 25-kHz bath. For the majority of the contaminants, ultrasonic agitation 
in water was greater than 90% effective in removing the contaminant residues. The Krytox grease, silicone 
vacuum grease, paraffin wax and China marker were the most difficult contaminants to remove as shown by 
their 10 to 80% removal. Not surprisingly, these contaminants are also the most difficult to remove using 
organic solvents. 
Because of the simple configuration of the test coupons used, the removal efficiencies may not 
translate directly to more complex geometries. The coupons were selected so the contaminant removed 
could be determined by simple gravimetric means with relatively little error. For example, the accuracy of 
the percentage removal data is approximately & 5% with the error derived from the limitations of the 
balance. To fully evaluate the effectiveness of the ultrasonics, more complex test coupons and hardware 
will be tested and an organic solvent verification method used to assess the results. 
47 kHz 
H 25 kHz 
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Figure 2. Contaminant Removal Effectiveness by 10-Minute Immersion in 52°C DI Water 
with Ultrasonic Agitation 
T r s  
In order to relate the measured TOC value to the actual concentration of the contaminant in water, 
correlation curves were generated. The curves for four contaminants, Cool Tool, Centerpoint Lube, 
CRC 3-36 and MIL-H-5606 hydraulic fluid are shown in Figure 3. The average measured TOC value for 
each of the standard solutions prepared was plotted and a best fit line determined by the method of least 
squares. As shown; for the concentration ranges tested, the linear fit of the data is excellent. Testing is 
continuing to generate correlation curves for the other contaminants of interest. 
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Figure 3. Correlation of Contaminant Concentration with TOC 
TOC Analvsis of Water fIom Coupon Tests 
Testing was performed using the small coupons to verify the ability of the TOC analysis to 
accurately measure the amount of contaminant removed after ultrasonic agitation. The contaminant 
removed was calculated both gravimetrically and by TOC analysis. These coupons were used because 
cleanliness assessment could be made gravimetrically rather than by the more time consuming solvent 
verification method. As shown in Figures 4 and 5, contaminant removal results determined by the TOC 
method compare favorably to those obtained by the gravimetric method. The favorable results indicate that 
the aqueous verification technique is viable, at least for simple geometries and the contaminants tested to 
date. Based upon these successful results, testing was initiated with more complex geometries. 
0 TOC Analysis 
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Figure 4. Comparison of Aqueous Verification with Gravimetric Results for Determining Cool Tool 
Residue on Alloy 71 8 Coupons 
Amount of Contaminant Applied to Coupon (mg) 
Figure 5. Comparison of Aqueous Verification with Gravimetric Results for Determining Centerpoint 
Lube Residue on Alloy 71 8 Coupons 
- 
The first series of tests performed with the more complex test coupons involved placing a 
controlled amount of contamination on a relatively exposed surface of the Alloy 718 coupon and performing 
the aqueous verification technique. The TOC results were converted to amount of contaminant removed 
from the test piece by use of the correlation curve and the results are shown in Table 2 along with the 
results from the subsequent NVR analysis. As shown by the TOC results and by the low NVR results, the 
aqueous technique was successful in detecting the contaminant on the test pieces. The control coupon 
which was contaminated and then verified with TCA shows that not even the standard solvent verification 
method is precise in determining the entire amount of contaminant on a surface. This may be due either to 
incomplete removal by the solvent or to slight evaporation of the Cool Tool during the gravimetric 
analysis. Testing is now being extended to include additional contaminants and to contaminate more 
inaccessible regions on the test sample, such as the threaded holes and the through holes. If required, the 
process parameters will be adjusted to maximize the contaminant removal. 
Table 2. Aqueous Verification Results on Complex Test Coupons 
-s 
Candidate organic solvents under initial consideration as alternatives to TCA include isopropyl 
alcohol (PA), acetone, cyclohexane, ethyl acetate, a 33% IPA - 67% cyclohexane azeotrope, HCFC 225 
and an HFC. Of these, IPA, acetone, cyclohexane, ethyl acetate, and the azeotrope have been subjected to 
solubility testing. These solvents were selected for initial evaluation based upon promising results obtained 
by other companies that require alternative verification methods. Testing was also conducted using TCA for 
comparison. 
A comparision of the percentage of contaminant removed as determined by coupon weight data and 
by solvent NVR was conducted to assess the accuracy of the current gravimetric technique. Testing was 
performed for all of the contaminants using TCA, P A ,  cyclohexane and ethyl acetate; however, only the 
TCA results are shown. From Figure 6, it can be seen that for those contaminants readily removed by the 
solvent, the NVR results are typically 85 to 100% of the results obtained gravimetrically, except for the 
MIL-H-5606 and the DTE 24. The difference between the NVR and the gravimetric results is primarily 
attributed to the volatility of the contaminant, i.e., some of the contaminant is evaporated along with the 
solvent during theevaporation phase of the NVR procedure. This is particularly apparent with the light 
hydrocarbon contaminants, such as the MIL-H-5606 hydraulic fluid and the DTE 24. Previous testing in 
which the contaminant was not initially dried resulted in an even greater difference betweeen the NVR and 
weight data. Drying the contaminant prior to testing aids in reducing the difference but does not entirely 
eliminate the effect. 
The effectiveness of each solvent for removing the selected contaminants is presented as a 
percentage removal in Figures 7 and 8. The results are based upon the gravimetric data rather than the NVR 
values and are shown with the TCA results for comparision. As shown, isopropyl alcohol and acetone are 
less effective than TCA for the contaminants tested, whereas cyclohexane, ethyl acetate and 
PA/cyclohexane are nearly as effective as TCA for the majority of the contaminants. As shown, even the 
TCA only partially removed the lapping compound, the Centerpoint Lube and the Turco 3878. 
Furthermore, the TCA is relatively ineffective in removing the Krytox grease, the silicone vacuum grease, 
and the markers. For these contaminants, it was noted that any removal at all was primarily the result of 
mechanical action rather than dissolution in any of the solvents. Of the solvents tested to date, cyclohexane 
showed the most promise as an alternative to TCA. However, testing is still in progress with some of the 
other candidates. 
Weight 
By Solvent 
Contaminant 
Figure 6. Contaminant Removal Tests with Ambient Temperature TCA 
Contaminant 
Figure 7. Contaminant Removal Tests with Ambient Temperature 1,1,1 Trichloroethane, Isopropyl 
Alcohol and Acetone 
Contaminant 
Figure 8. contaminant Removal Tests with Ambient Temperature Cyclohexane, Ethyl Acetate and 
IPA/Cy cIohexane 
Conclusions 
Based upon limited laboratory testing, the aqueous verification technique developed by NASA-KSC 
has been shown to be feasible for some Rocketdyne applications. Use of 25-kHz ultrasonic agitation is 
slightly morteffective than 47-kHz ultrasonic agitation for removing the majority of the testcontarninants 
with heated DI water. Through the use of correlation curves, TOC analysis ofthe water used during the 
ultrasonic cleaning is accurate in detenniningthe amount of contaminant removed= the Surface. 
Testing, however, was very limited and must be extended to the more difficult to remove contaminants and 
more complex geometries. 
The majority of the organic solvents that can be considered as alternatives to TCA have 
disadvantages such as toxicity, flammability, or classificationas V0Cs (volatile organic compounds) or 
HAPS (ha~ardou~air  poilutgts). - Fromthe - limited - tesing - - - -  performed to date, cyclohexane -a- -- is nearly 
equivalent to TCA incontaminant removal. However, cyclohex@e is a VOC -- and -- has a low flash point. 
Furthermore, as with the majority of the solvents, cyclohexane isnot compaamble with oxygen and must be 
completely removed from any oxidizer hardware. Testing will continue to evaluate other alternatives with 
The assistance of M. Price for technical and editorial advice, and of S. Klee, N. Cimarusti, M. 
Maseda, and M. Sylvia for developing test techniques and performing testing in support of this project is 
greatly appreciated. 
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Abstract 
A survey of solid rocket booster (SRB) production operations identified potential contaminants which 
might adversely affect bonding operations. Lap shear tests quantified these contaminants' effects on adhesive 
suength. The most potent contaminants were selected for additional studies on SRB thermal protection system (TPS) 
bonding processes. Test panels were prepared with predetermined levels of contamination, visually inspected using 
white and black light, then bonded with three different TPS materials over the unremoved contamination. Bond test 
data showed that white and black light inspections are adequate inspection methods for TPS bonding operations. 
Extreme levels of contamination (higher than expected on flight hardware) had an insignificant effect on TPS bond 
strengths because of the apparent insensitivity of the adhesive system to contamination effects, and the comparatively 
weak cohesive strength of the TPS materials. 
INTRODUCTION 
Contamination control is one of the most crucial elements of a bonding system or process. Contamination 
is the presence of a foreign material on a bonding surface or in an adhesive and can prevent a bond from holding two 
materials together at full strength. Good, reliable bonds are important in aerospace applications, such as applying TPS 
to launch vehicles. 
The accuracies of current surface inspection methods have been questioned due to variability among 
operators and a lack of specific data for defining surface conditions. Examination of these criticisms indicated that 
inspection operations may benefit greatly with automated methods. New inspection techniques, which yield a 
quantitative surface description, might provide a measurable standard for process improvement and bond reliability. 
Critical evaluation of current inspection methods is necessary before evaluating a new inspection system 
The objective of this program was to characterize the existing contamination controls for USBI bonding processes 
by identifying potential contaminants. determining their effects on bonds, and assessing the accuracy of current 
inspection techniques to detect these contaminants which jeopardize good adhesive bonding. 
APPROACH 
The program was carried out in three major steps: (a) identify specific contaminants that could be introduced 
into a bonding process, (b) establish the contamination level of these contaminants that will degrade adhesion, and 
(c) assess capability of current inspection methods to reject potential unsatisfactory levels of contaminants. 
USBI uses bonding processes that may be plackd in four distinct groups: thick film spray, thin film spray. 
trowelled, and fayed (closely fitted) surfaces. Generic methods for identifying potential contaminants and to study 
process sensitivity were basedon three of these processes. Painting (a thin-film spray) was omitted from the test plan, 
because (for the SRB) hardware processed in this manner does not sit around unprotected. It is a continuous process. 
Examples of the other three processes include: MSA-2 (thick film), BTA (uowelled). and cork bonding (fayed). 
Experience gained from problem reports showedthat it was necessary to identify contamination caused by the process 
itself and its assigned work area, and to track down opportunis~iccontamination (i.e., contaminalion that comes from 
random exposure to unconvollcd events). 
Once potential contaminants were identified, a laboratory study was performed to quantify the effects of 
bondlinecontamination using lap shear coupons in aconuolled environment. This identified the critical contaminants 
which actually have a significant effect on bonding using the adhesive from the processes under study. 
Next, test panels with controlled amounts ofcontarnination were produced for processing with selected TPS 
application techniques. The panels were inspected by two commonly used techniques-visual with white light and 
visual with black light. Inspections were performed by Quality personnel (inspectors). Each contaminant was applied 
at several levels so that the associated effects may be assessed. Normal bonding operations were performed and the 
contamination effects on bond adhesion in the process environment were evaluated. Water break-free testing was 
omittcd from the test plan because (for the SRB) this inspection is typically done prior to Alodine treatment and prior 
to painting, which was not evaluated. 
RESULTS AND DISCUSSION 
Contaminant Identification 
As many potential contaminants as possible were identified in an audit of the USBI SRB processing facility 
in the operating areas where bonding processes are being executed. Thirty-one contaminants identified in the audit 
were categorized into three groups: facility, process, andopportunity. Facility contaminants are those generated from 
installed or permanent fixtures in the processing area. Process contaminants are those from the materials in the process 
itself. The final group of materials are contaminants of opportunity, materials which reach the process area through 
auxiliary tasks, or the personnel working in or passing through an area. This last group is often the hardest to track 
when processing problems occur as they tend to occur intermittently. A broad range of credible contaminants, which 
are typical of any aerospace hardware processing facility, were identified (e.g., oils and greases, cosmetics, cleaners, 
insect repellents, etc.) A listing of the 3 1 materials identified by the survey is presented in table 1. 
Facility contaminants were monitored using practices common to the aerospace industry. Standard 
nonvolatile residue (NVR) plates were deployed as witness panels in the major processing areas in Florida. These 
panels were exposed for 48 days at two different times. The residue from each plate was analyzed to determine 
a deposition rate and chemical composition. The deposition rates ranged from a low of 0.088 mg/ft2/month, to a 
high of 0.239 mg/ft2/month. This compares favorably with a maximum deposition rate of 1.0 mg/ft2/month which 
is the limit for the most tightly controlled payload processing clean rooms. Chemical analysis was performed by 
gas chromatography and Fourier transform infrared spectroscopy. Two significant peaks were found in the residue. 
The largest was methyl isobutyl ketone (MIBK), a component of an SRB paint system. The second was ethylene 
glycol. Even though the deposition rate for these two compounds did not indicate cause for concern, they were 
added to the potential contaminant list for testing. That they made up an overwhelming majority of the residue, 
suggested that we should evaluate the effects of large localized deposits which could be a plausible occurrence 
through facility or process upsets. 
Residues which can pass from one processing step to the next were the next major group to be identified. 
Tape and vacuum bag sealant residue from masking, bonding, and other operations have proved difficult to locate 
and remove. Residue from incomplete removal of corrosion preventive grease, an ultrasonic coupling agent, and 
a specialty aluminum detergent were targeted because the ability to detect their presence in follow-up inspections 
is undocumented. Incorrect use of conversion coatings may leave a powdery surface with poor adhesion 
characteristics, so that material was added to the list. 
Contaminants ofopportunity are materials which do not have a documented presence during the normal 
operation of the facility and process. These materials may come from maintenance activities, leaks or system 
failures, or personnel working in the area. Four different oils and greases were identified which are normally used 
in routine equipment maintenance and which could dripor otherwise be transferred to hardware in process. Gloves 
are not required in all of the processing areas, making fingerprints, hand cream, uncontrolled water. and insect 
repellent all potential contaminants from personnel. Aerosol sprays (e.g., insecticide, insect repellent, and various 
cleaners) are suspect contaminanis due to a lack of control of their use around hardware. The best method found 
for identifying these types of items was an informal survey of the personnel toolchestsand storage in the processing 
areas. A second survey of the logistics areas, to determine what materials were available to personnel on an 
unrestricted basis, also proved beneficial. 
Table 1 Contaminants 
Contaminant Dispersions Method 
Contaminant Source 
Facility 
Process 
Opportunity 
Contaminant sensitivity testing required a methodology for controlled contaminant application. With an 
accurate deposition technique, the level or coating weight (mg/ft2) at which contamination begins to affect bonding 
may be determined. Acceptable application requires the ability to apply a uniform layer of the contaminant to the 
test coupons and panels. Through a review of literature, it was determined that an air brush technique using serial 
dilutions of the contaminants would produce the best results. With this technique, predictable, repeatable levels of 
contamination were produced. Contaminant levels were determined gravimetrically using clean aluminum foil as 
a witness surface. Some items such as tapes, sealants, solvents, fingerprints, and different types of water were 
applied at 100 percent by weight to simulate process conditions. Other contaminants were diluted in solvents and 
air brushed. 
Identified Potential Contaminants 
Ethylene glycol 
Diesel exhaust 
MlBK 
Perchloroethylene 
Vinyl tape 
GS-37 sealant 
Distilled water 
Masking tape 
Rymple cloth 
Airtec 23 cleaner 
Conoco grease 
Paper tape 
Echo ultragel II 
1,1,1 Trichloroethane 
Alodine 1201 
Fingerprints 
Anchorlube 6-771 
Siloo glass cleaner 
Wasp Killer 
Bard skin care cream 
Vacuum pump oil 
Spray Nine cleaner 
Sea water 
Insect repellent 
Pennzoil EP grease 302 
Breathing mask towellette 
Tapwater 
Drop dead insecticide 
Skin So Soft 
Perspiration 
Chain and cable fluid 
Lap Shear Sample Preparation 
A bonding test method had to be selected from which to determine contamination effects. The method would 
test bonds containing controlled levels of contamination. It was necessary to screen the contaminants in the lab 
because of the large number, various levels of interest, convenience, and cost. The failure mode of greatest concern 
for the processes under study is in the shear direction. For this reason lap shear bond testing (per American Society 
for Testing and Materials (ASTM) D 1002) was chosen as our evaluation method. The adhesive used was EC 2216 
two-part epoxy from 3M Corporation. Dedicated control coupons, as well as control specimens adjacent to the 
contaminated specimens used on each contaminated coupon, provided confidence in the lap shear data. 
Theoretically, there are two thresholdcontaminant weights [mglft2] of interest for each contaminant: (a) the 
minimum contaminant weight ( c w ~ )  (not detected by current inspection techniques) to affect lap shear strength, and 
(b) the maximum contaminant we~ght (CW-) (not detected by current inspection techniques) to affect lap shear 
strengths. A given contaminant may exhibit both, one or none of these defined weights for a given bonding process. 
In practice, these defined coating weights were not well defined points. 
Lap Shear Results (Laboratory) 
Each potential contaminant in table 1 was tested in the lap shear study, except 1,1,1 trichloroethane, which 
was found clean from the gas chromatograph results, and perspiration, for which a consistent supply had not been 
located. 
The 3 1 contaminants were sorted into three groups defined by sensitivity (i.e., strength loss per coating 
weight). The three groups are presented in table 2. 
Not all potential contaminants could be used in the process testing phase, since the program would have 
become unwieldy. Thus, based on the lap shear results, seven contaminants with the largest effects were chosen to 
be used. 
Preliminary black light and white light inspections were used to determine detectable levels of coating 
weights to be used in the process testing. The preliminary inspections were carried out by M&P technicians. Yes and 
no ratings were used if the contaminant was either observed or not in the lab on white test panels, a preliminary pass 
or reject rating. - 
- - -. 
Preliminary inspections performed in M&P labs were similar to Quality inspection of hardware (i.e. panels 
were not handled and viewing angleswere not lighted in optimum conditions). 
Hardware Process Sensitivity Study 
At USBI, bonding processes may be placed into four distinct groups: thick film spray, thin film spray, 
trowelled, and fayed(close1y fitted) surfaces. Several TPS bonding processes were selected to evaluate contamination 
effects: the bonding of MSA-2, BTA, andcotk. MSA-2 is a two-part epoxy, EC-2216, loaded with solvents and fillers, 
and is a thick film spray. BTA is filledEC-2216epoxy and trowellable. Cork is bonded with EC-2216, applied to both 
surfaces and vacuum bagged, and is a faying surface application. Paint application was omitted from the test plan. 
- - 
- 
The seven most deleterious contaminants 
They were masking tape, vinyl tape, ethylene glycol, Conoco grease. Spray Nine cleaner, vacuum pump oil, and Skin 
So Soft. These materials were selected because of their effect on lap shear strength loss (most deleterious). 
The levels of contamination used for theTPS bonding study were determined by the lap shear testing. Based 
on the threshold criteria (when available) for the lap shear results, levels were chosen to span and enter this 
contamination range. For example, ifa contaminant caused a loss in lap shear strength at a given coating 
weight and was not visible under black or white light, then coating weights lighter and heavier and at that weight were 
applied on the large test panels for analysis. 
Table 2 Contaminant Sensitivity 
Material 
Very Sensitive (Loss per 
weight range 0.3-21 Odms/rP) 
GS-37 
Vinyl tape 
Masking tape 
Paper tape 
Perchloroethylene 
HD Conoco grease 
Pennzoil EP grease 
Breathing mask towelette 
Echo Ultra Gel II 
Exhaust, Diesel 
Sensitive (Loss per weight range 
0.008-0.2 0/dmg/ft2) 
Skin care cream 
Vacuum pump oil 
Skin So Soft 
Spray Nine cleaner 
Drop Dead 
Ethylene glycol 
Seawater 
Wasp Killer 
Deep Woods Off 
Chain & cable lube 
Not Very Sensitive (Strength 
loss negligible) 
Airtec 23 cleaner 
Alodine 1201 
Anchorlube 
Distilled water 
Fingerprints 
MlBK 
Rymple cloth extract 
Siloo glass cleaner 
Tapwater-FL 
Reason for Omission in Process Testing 
Not applied directly to substrate in production 
(Tested) 
(Tested) 
Similar to vinyl tape 
Perc had broken down, full strength 
(Tested) 
Similar to Conoco 
Not realistic' 
Not used after painting 
Small effect at full strength 
Difficult to atomize 
(Tested) 
(Tested) 
(Tested) 
Small effect at full strength 
(Tested) 
Not realistic2 
Similar to Drop Dead 
No longer used at FL Ops 
Low loss/weight 
1-Breathing mask towelette residue would not come in direct contact with flight hardware. 
2-Seawater would not come in contact with flight hardware after refurbishment. 
Note: Throughout this paper, strength losses ?re designated by negative numbers. 
Several differences exist between the lap shear and TPS process bonds. Surface finishes are different: bare 
etched aluminum for the lap shear coupons and sanded epoxy paint for the process test panels. Mechanical testing 
was lap shear versus flatwise tensile for the process TPS materials. Lap shear testing was aluminum bonded to 
aluminum, and process panels were TPS bonded to epoxy paint. Methods of adhesive application and cure schedules 
differed between the two studies. Epoxy adhesive EC-2216 was common to both lab and process studies. 
Sixty 2-by-2-foot painted aluminum panels were contaminated and then bonded with MSA-2, BTA, and 
cork, i.e., 20 panels of each TPS material. Each panel that was contaminated received only one contaminant coating 
weight. Standard technical procedures (STPs) were followed during fabrication, with the exception of adding a 
contaminant to the painted aluminum panel surface that was to be bonded. The process consisted of sanding the panel, 
applying the contaminant in a predetermined pattern (allowing for uncontaminated control areas), inspection of the 
panels by Quality inspectors using black light and white light, applying TPS materials, curing, then sectioning and 
surfacing specimens for flatwise tensile testing. 
Contaminants were sprayed in one of nine patterns on each contaminated panel. Areas had to be left 
uncontaminated on the panels for control purposes. These controf areas were masked by aluminum foil, which were 
used as witness foils to calculate actual panel coating weights. Some panels did not receive any contamination and 
were also used as controls. Different contaminant patterns were selected, so that Quality inspectors would not catch 
on to any one pattern when looking for contamination, thereby giving inspectors a significant advantage of finding 
any contamination. Contaminants were feathered in each case, thus not giving inspectors other visual advantages. 
Contamination is much easier to spot when there is a definite line of demarcation. 
Each panel was inspected by two groups of two Quality inspectors, using both black light and white light. 
One group would inspect a panel with white light and black light at different times, then the other inspectors would 
do the same. Each inspector would not know the outcome of any previous inspections since the order of inspecting 
the 60 panels was changed for each inspection. Inspection results were quantified. During the inspection, each 
inspector was asked to map out the contamination (on Quality evaluation sheets) that could be seen. Thus, for each 
panel there existed four maps, two with black light results and two with white light results. These inspection results 
were compared to the actual contamination pattern. If the inspector found all the contamination, the inspection map 
received a rating of 10. If the inspector did not see any of the contamination, the inspection map received a rating of 
0. Results in between were judged by percent of contamination found and received integer ratings of 1 through 9. 
Inspectors were not allowed to handle the panels, and used lighting identical to that used when inspecting flight 
hardware. The inspectors were requested to not clean off the contamination found. 
Presented in figures 1 and 2 are the detectability of the contaminants on the TPS test panels using white and 
black light, respectively, as a function of contamination weight. Tape residue contamination is not included in these 
figures. From figure 1, white light effectiveness begins in the 30 to 60 mg/ftZ range regardless of contaminant type, 
excluding ethylene glycol. This range is identified by the two vertical lines. From figure 2, black light was effective 
at lower coating weights (approximately 15 mg/ft2) in some cases, but not fully reliable until higher weights are 
applied (approximately 95 mg/ft2), denoted by the vertical line. The scatter in this figure is due to the fact that black 
light effectiveness is dependent on the fluorescent properties of the contaminant. 
Contaminant Level [11ig/ft2f 
Figure I White Light Inspection Results 
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Figure 2 Black Light Inspection Results 
Strength Testing 
Upon completion of the inspection of the sixty panels. TPS materials were applied to the contaminated 
panels then bonded andlor cured. The panels were then cut into 2-by-2-inch squares or coupons for flatwise tensile 
testing 0to evaluate any contamination effects. 
To eliminate unnecessary mechanical testing, the highest level of contamination for each contaminant and 
each TPS material was pulled first. It was hypothesized that if no contamination effects were observed at the highest 
levels of contamination for all the contaminants, then further testing at lower levels of contamination would not be 
necessary. 
From each contaminated test panel there were four control and six contaminated test specimens cut out and 
FWT tested. From each control panel there were 10 control test specimens cut out and FWT tested. 
The FWT strength data generated on MSA-2 does not support any significant contamination effect. Little 
or no effect was observed by the contaminants on MSA-2 bonding. Three panels may have exhibited small effects: 
ethylene glycol (-5.3 f i . 3  percent), vacuum pump oil (-8.0 B . 6  percent), and Skin So Soft at 19 mg (-4.1 k7.4 
percent). However, Skin So Soft did not show an effect on the one panel at higher contamination (i.e., 38 mg). All 
failures were substantially above design requirements, 75 psi individual minimum, and 85 psi average. Another way 
to analyze the data is to compare the average contamination data for each panel (since the contaminated data is more 
widely distributed spatially than the control areas on the contaminated panel), to the control averages on the two 
control panels, 143 psi and 150 psi'or 147 psi average. Here four contaminated panels pulled less than 147 psi: Skin 
So Soft (38 mg) at 136 psi, ethylene glycol at 143 psi, Spray Nine cleaner at 145 psi, and Conoco grease at 139 psi. 
Only one of these panels, when compared to its own control areas, showed a strength loss: ethylene glycol (-5.3 f 
3.3 percent). 
BTA 
Four panels may have produced small loss effects: Skin So Soft (-5.7 + 3.6 percent), Conoco grease (-6.12 
7.8 percent), masking tape (-4.0 + 1.5 percent), and vinyl tape (-4.5 + 1.5 percent). BTA FWT strengths tended to be 
randomly distributed over the panels, probably mostly due to material inhomogeniety. and varying combined failure 
modes. All failures were substantially above design requirements (i.e., less than 100 psi). 
Comparison of the average contamina:ion data for each panel to the control averages on the two control 
panels, 1,475 psi and 1, I40 psi or 1,308 psi average, showed no effect. Only one contaminated panel pulled less than 
1,308 psi: Conoco grease at 1,283 psi. Six out of the sevencontaminated panels produced small losses in strength when 
compared to the smaller control areas. 
Sheet Cork Bonded with EC-2216 Epoxy 
- - 
 
Four out of the seven contaminated panels produced small losses in strength when compared to the control 
areas, three of these four are ethyleneglycol (-7.3 f 4.2 percent), masking tape (-4.5 f 6.4 percent), and vacuum pump 
oil (-3.2 f3.7 percent). Standard deviation for the masking tape control specimens was 6.4 percent, greater than the 
4.5 percent loss Ethylene glycol and vacuum pump oil controls were the strongest pulled, thus making any loss 
comparison extra sensitive. These small decreases are believed to be due to cohesive strength variations in the cork 
sheet andnot contaminant effects, becau%ofthecohesive failure modes. Ail failures were substantially above design 
requirements (i.e., greater than 50 psi). Comparison oftheaverage contamination data for each panel to the control 
avenges on the twocontrol panels, 161 psi and 167 psi or 164 psi average, showed littleeffect. OnIy twocontaminated 
panels pulled less than 164 psi: masking tape at 150 psi and Skin So Soft at 160 psi. Since the cork pulled cohesively, 
it is believed that the strength variations are in the cork sheet. 
Comparison of Inspection Results and TPS Panel FWT Results 
Presented in table 3 is a summary of the inspection results and associated strength losses for each 
contaminant at the highest applied coating weights. The reported percent contamination detected indicates the amount 
-- 
of contaminant coverage detected of that actually present. It was anticipated, from lab testing, that each of these 
coati@ wiiights would have been 100 perCFnTdetected by either bhck light, or white light, or G&. This did not occur 
and cwma was not reached for ethylene glycol and Skin So Soft. Theoretically, higher coating weights may cause 
significant strength losses where detectability is unknown for these particular contaminants. 
- - 
Vinyl tape residue (tape ) was detected by black light and not by white light. Black light 
inspectors found 87 percent of the tape residue coverage. Operator variability was observed here. Only one of the six 
black light inspections failed to find 100 percent of the residue. On this panel, one inspector found 100 percent of the 
residue and the other inspector found 60percent of the residue. This particular panel had a strengthloss of 1.7 percent. 
Vacuum pump oil was detected by black light and white light. On the three panels with coating weights of 
108 mg/ft2and greater, 100 percent of the oil was detected with black light and 97 percent with white light. Strength 
losses for the panels with coating weights of 108 mg/ftz and greater were, -8 percent, and -3.2 percent. OnIy one of 
the six white light inspections failed to find 100 percent of the oil residue. On this panel, one inspector found 100 
pe-rcent of the residue and the other inspector found 70 percent of the residue. This particular panel had a strength loss 
of -8 percent. 
- - 
Spray Ninecleanerwasdetected by white light and not black light. White light inspectors found 100prcent 
of the cleaner residue on panels with coating weights 65 mg/ft2 and greater. Strength loss for the panel with acoating 
weight of 84 mglft2 was -1.9 percent. 
- - 
Skin So Soft was partially detected by white light and not by black light. White light inspectors found 57 
percent of the Skin So Soft residue on panels with coating weights of approximately 40 mg/ftz. One panel had 100 
percent detection by two inspectors, the second panel had 0 percent detection by both inspectors, and the final panel 
had 100 percent and 30 percent detection by the two inspectors. Strength loss for the one ~:nel was -5.7 percent. 
Significant operator variability was observed here. 
- 
Masking tape (natural rubber on paper) residue, if present, (tape dwell 48 hours) was noLdetected by either 
white light or black light. Panel strength losses were small (i.e., -4 percent and -4.5 percent). 
- - -  
--- - 
Table 3 Inspection and FWT Results for Highest Contamination 
- 
1 % Contaminatlon 1 
Contaminant Coating Weight 
Conoco Grease 
Vinyl Tape 
Vacuum Pump Oil 
-t--3j- 
Strength 
MSA-2 
Cork 
100 NSD 
100 NSD 
100 -6.1 %+7.8% 
10 -1.7%+3.9% 
0 -4.5%+1.5% 
0 NSD 
100 NSD 
90 -8%f3.6% 
100 -3.2%3.7% 
I Spray Nine Cleaner Cork 10 10 -1.8%&4.8% A 1 1 I NSD I ETA -1.9%M.3% 
I Masking Tape NA 1 Ethylene Glycol I ;: 
Skin So Soft 38 
L I 
NSD no significant difference 
Ethylene glycol, up to coating weights of 133 mg/ft2, was not detected by either black orwhite light. Panel 
strength losses were -0.4 percent, -5.3 percent and -7.3 percent. 
MSA-2 10 10 NSD 
ETA 0 0 -4%+1.5% 
Cork 0 0 -4.50/0M.4% 
Conoco grease was easily detected by white and black light. White and black light inspectors found 100 
percent of the grease residue at coating weights of 60 mg/ft2 and greater. Panel strength loss at this level was -6.1 
percent for BTA. 
BTA 
MSA-2 
Cork 
MSA-2 
Cork 
ETA 
Out of all the possible combinations of the seven most deleterious contaminants and the three TPS 
applications (i.e., 21 combinations), four bond losses were observed at contamination levels that were not detected 
by black light or white light. These are shown in table 4. 
10 
0 
10 
0 
0 
0 
0 
0 
0 
70 
100 
0 
-0.4%%5.4% 
-5.3%+3.3% 
-7.3%4.2% 
NSD 
NSD 
-5.7%*3.6% 
Table 4 Undetected Contamination Causing Strength Loss 
Control Contamination Percent 
Strength Strength Adhesive 
Contaminant/TPS (psi) (psi) Requirement Failure Comment 
Ethylene Glycol1 
MSA-2 155 147 75 Fuzz at Surface Typical cohesive 
failure 
Ethylene Glycol/ 
Cork 191 in 50 0 Failure in cork 
not related to 
contamination 
s 
Skin So SoftlSTA 1,470 1,386 100 0 Failure in BTA 
not related to 
contamination 
Masking Tape ResiduelBTA 1,494 1,434 100 50 
CONCLUSIONS 
- - 
Basedon the resultsif this study, undetectedsurface contamination fromcrediblesources is not a significant 
concern with existing SRB TPS processing operations. The epoxy resin system usedis sufficiently resistant to a wide 
range of potential contaminants. Failures were predominantly cohesive and not at the TPS-contaminated substrate 
interface. In tKsStudy, MSA-2, ETA, and c02  performed over andabove requirements at reject contamination 
levels. MIL-STD-1246 NVRkveels(less than 25 ms/ft2) are not siKf&iifie lap shear andTPS bonds evaluated 
in this study. The residue levels found on the two different sets of NVR plates, which were removed from USBI FL 
Ops, were well below shuttle processing facilities requirements (1.0 mg/h2/month). contamination levels used in this 
study were much higher than that anticipiied on cleaned hardware, a conservative approach. 
-- 
- - 
.. - -- 
~ o ~ m i r & ~ o k  effects were insignificant on the MSA-2 panels. The contaminated MSA-2 panels still 
pulled well above the design minimum. Contamination effects were not effectively realized due to the relatively low 
cohesive strength of MSA-2. - - 
- 
Some ~ o ~ m i n a t i o n  effects were observed on BTA a@Iicaltioiii, wTth very small losses in strength. 
Contamination effects were realized probably due to the higher inherent cohesrve strength. Such contaminated BTA 
strengths were still way above design minimums. 
Surprisingly, cork bonding apparently resisted all contamination effects, Like MSA-2, cork is relatively 
weak cohesively, which explains the lack of sensitivity to contamination affects. All failures were consistently 
cohesive. 
The inherent weakness of SRB TPS materials makes this class of materials less sensitive to surface 
contamination effects when compared to lap shear testing. For - a - purely - -  adhesive TPS failure, a contaminant would 
have to effectively repeliheTPSmateriaI or bonding adhesive so that it could release at a level below the cohesive 
strength of the TPS system, which is much lower than the design of the adhesive bond system. As a result, the lap shear 
test revealed more information concerning contamination effects. 
New detection methods are not warranted for these three materials based on the magnitudes of bond loss, 
( i.e., -4 to -6 percent), the high levels of contamination (greater than 42 mg/ft2), and the low FWT strength 
requirements. 
Spectroscopic Ellipsometry as a Sensitive Monitor of 
Materials Contamination 
Jeffwy S. Hale, James N. Hilfk, Blaine Spady, Ron Synowicki, and John A. Woollam 
Center for Microelecaonic and Optical Materials Research, and Department of Electrical 
Engineering, Lincoln NE, 68588-05 11 
Spectroscopic ellipsometry is demonstrated to be extremely sensitive to contamination layers in 
the thickness range from 0.1 nm to 10 miaons. In the present experiments we deposit either a thin 
lubricating oil 0 - 4 0 )  or mineral oil continuously onto Ir, Cu, Al, Au, and V substrates from a bubbler, 
and monitor its thickness growth from sub-nanometer to tens of nanometers as a function of time. Re- 
evaporation of contaminant oils is also monitored in real-time by ellipsomeay. 
Introduction: 
Ellipsometry at one wavelength has been used for many years to determine thickness of SiOz on 
Si fa example. Recently spectroscopic ellipsometry has been developed in which a wide spectral range 
enbances the analytical power of tbe instrument enormously. Secondly, spectrampic ellipsometers can 
now be built which acquire data extremely rapidly. For example, the JA Woollam Co. W-44" ' 
ellipsometer acquires data at 44 simultaneous wavelengths in approximately 40 msec. Thus one can 
monitor processes in real-time. 
NASA plans to launch an X-ray telescope using Iridium metal surfaces for mirrors. Exrremely 
thin layers of contaminants will have an enormous effect on the performance of the telescope. This paper 
demonstrates the sensitivity of spectroscopic ellipsometry to contaminant layers as thin as 0.1 nm (and as 
thick as 10 microns). 
Ellipsometry uses polarized light incident at an oblique angle (typically 70" to the normal) to the 
material under study. The reflected light polarization state is analyzed to determine the thickness, 
composition and properties of the film under study. Spectroscopic ellipsometry has been used on 
multilayer materials to &tennine thicknesses and compositions of ten and more layers. Thus it is an 
extremely powerful thin film diagnostics tool. 
Experiment: 
Substrates used in these experiments were prepared by magnetron sputter deposition from high 
purity targets of the elements It, Cu, Al, Au, and V. These films were approximately 100 nm thick, great 
enough that the films were considered to be "optically thick"; that is, light could not penetrate through to 
- the silicon substrate. 
The oils used in this experiment were WD40 (a general purpose light lubricating oil) and 
mineral oil. These oils were deposited onto freshly prepared thin-film samples by bubbling air through a 
beaker containing the oil as shown in Figure 1. The bubbler worked by flowing clean air into a beaker of 
oil through a piece styrofoam with several pinholes in it to produce small bubbIes. The air suspended oil 
was tben transported to a sample while an ellipsometer continuously acquired data. This provided real 
time data fron which the optical properties and thickness of the deposited oil were &termbed. A 
variabb angle specaoscopic ellipsometer (VASE) was used to monitor the growth of mineral oil on Ir, Cu, 
Au, and Al; and a 44 wavelength fixed angle ellipsometer was used to monitor deposition of WD-40 on V. 
A WYKO Rough Surf= Tester was also used to try to see evidence of contamination of the samples 
befm and after the WD40 oil depositions. 
Oil Deposition Chamber 
From Bubbler 
Figure 1. Oil deposition chamber that mounts on the ellipsometer. 
- - -  
Results and Dlscuss6on: 
The optical constants for tbe mineral oil were found by depositing 20 =_ofoil on A1 and tben 
---- - -- -- -- -. -= 
&ngVASE 27 G-d4- data at t6ree =- angles . of inci&nce. The Gtii Tfi6diipiEd G n s t a i t I i  sb6i~1 in Figures 
, , chy dispersion-modeT was used to mode1 tbeopGcZl con i&%.T6op t id  constants 
were then used while monitoring the growth of thin films of mineral oil on Ir, Au, and Cu. The film 
growth in some cases was not strictly linear in time due to insufficient control of the air flow rate. 
Specttoscopic ellipsometry data measured during growth showed the film thickness increasing slowly on a 
sub- monolayer scale. The depositions on Ir and Au were observed as tbe films grew from 0 nm to around 
3 nm (Figure 5 and Figure 6), and the film on Cu was 0bse~ed as it grew from 0 nm to 8.5 nm (Figure 7). 
- - - - 
- 
The bulk optical constants for W D 4  oil (Figure 8) were found by taking ellipsometry data on 
theoil in a be-ak .-WhenGithese constants f& theoilfilms, 13% void hadercbeded in an effective 
- - -- -- - - - -- -ppppp 
mediummixture mode5  get gooddtothe data This is likelydueto some a i rbe iZFpedin  the film 
as a remt of t6e bubbler acting as inXmsol. When the hbbier was turned on,-a thin layer of oil was 
rapidly deposited on the Vanadium sample. After the initial layer was deposited the growth rate slowed to 
around 0.007 ndsec. When the bubbler was turned off, most of what was deposit& evapMated within 
about one minute leaving only a small additional layer of oil on - the surface. Longer depositiolls - resulted 
- 
in a thicker f i h b e i n g k a  o n t 6 e n p l e  after the flow was stopd and reevaporation took place. 
Several depositions were done on the same sample so this evaporation could be obsemed. 
Optical Constants of Mineral Oil 
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Figure 2. Optical constants of mineral oil modeled with Cauchy dispersion model. 
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Hgure 3. Ellipsometric psi data from fit for optical constants of mineral oil on Al. 
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Ellipsometric delta data from fit for optical constants of mineral oil on Al. 
Thickness of Mineral Oil on Ir Vs. Time 
4-00 
Time in Minutes 
Figure 5. Thickness of mineral oil deposited on Ir thin film versus time. 
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Figure 6. Thickness of mineral oil deposited on a Au thin film versus 
Thichess of Mineral Oil on Cu Vs. Time 
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Figure 7. Thickness of mineral oil deposited on a Cu thin film versus time. 
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Figure 8. BuIk optical constants of WD-40 found by taking ellipsometry data on oil in a beaker. 
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Figure 9. Thickness of WD-40 on V during second oil deposition 
WYKOdatawereelsotalrenbeforeaadafterthedepositionsto~thc~~butno 
changes in surface morphology were observed. The fvst deposition was f a  1 minute aod the resulting 
film waf only 0.1 nm thick. Tbe second depoeition was f a  10 minutes, and the ellipsrmetric data f a  this 
deposition are sbown in Figure 9. During the 10 minutes an initial f h  thickness d 0.45 nm was 
deposited before the growth rate siowed. Just before the bubbler was turned off the fUm thickness had 
zeacbed 0.75 nm. After the bubbler was t d  off, the film left on the surface was 0.2 nm thick. A third 
deposition was done f a  20 minutes. The f h  thickness just before the bubbler was turned o£f was 1.8nm 
and after it was turned off the thickness was 0.6 nm. By the final deposition the t.hkhess before the 
bubbler was turned off (after 45  hours) reached 1 1.5 om and the thickness after the bubbler was tunred off 
was 4.5 nm. Thus the oil film steady-state layer thidaiess grew as a function of deposition time. Liiewise 
the post-bubbler (long-term) thickness was greater the h g e r  the steady-state deposition was carried out 
S e v d  general cooclusions can be made: these experiments demonstrate the eaormous 
sensitivity of ellipsometry to levels of contamination representing less than 0.1 nm thick 
layers. Based on our measurements, these levels are apparently -&low --- - the level dem3able by the WYKO 
microscope. Our experiments were not carried out for long enough to &tennine when there was sufficient 
film f a  the WYKO instrument to be useful, but based on our measurements this will be at least 
greater than 9 nm thickness. The ellipsometric measurement of sub-nanometer contamination involves 
only a beam of visible light so the surface is undisturbed. The only orher technique with possiMy sub- 
nanometer sensitivity is Auger spech-oscopy, which involves use of ulm-high vacuum and small area 
surfaces. Auger determines the constituent contaminants but not their layer thicknesses. Ellipsometry 
can be set up to inspect large surface are& in any ambient environment and with subnanometer tbicErness 
sensitivity to contamination. 
The present experiments were done using visible light. We have receotly constructed a mid- 
infmed (2-14 micron) infrared ellipsometer which can be used to help identify contaminant species by 
identifying the frequency and strength of resonant-lie vibrational spectra , 
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ABSTRACT 
The role of surface-sensitive chemical analysis (ESCA, AES, and SIMS) in a study to select a 
process to replace 1,1,1 - trichloroethane (TCA) vapor degreasing as a steel and aluminum bonding 
surface preparation method is described. The effort was primarily concerned with spray-in-air cleaning 
processes involving aqueous alkaline and semi-aqueous cleaners and a contamination sensitive epoxy-to- 
metal bondline. While all five cleaners tested produced bonding strength results equal to or better than 
those produced by vapor degreasing, the aqueous alkaline cleaners yielded results which were superior 
to those produced by the semi-aqueous cleaners. The main reason for the enhanced performance 
appears to be a silicate layer left behind by the aqueous alkaline cleaners. The silicate layer increases 
the polarity of the surface and enhances epoxy-to-metal bonding. On the other hand, one of the semi- 
aqueous cleaners left a nonpolar carbonaceous residue which appeared to have a negative effect on 
epoxy-to-metal bonding. Differences in cleaning efficiency between cleaners/processes were also 
identified. These differences in surface chemistry, which were sufficient to affect bonding, were not 
detected by conventional chemical analysis techniques. 
1.0 INTRODUCTION 
Currently, Thiokol Corporation Space Operations relies on vapor degreasing processes using 
1,l.l - trichloroethane (TCA) for precision cleaning of steel and aluminum parts of NASA's Space 
Shuttle Redesigned Solid Rocket Motor (RSRId). The purpose of these cleaning operations is to 
prepare the surfaces of the parts for adhesive bonding and external painting. Because TCA is an ozone 
depleting chemical (OW) which will not be available after 1995, it has become necessary to identify 
alternative cleaning processes which produce adhesive-to-metal bond strengths which are at least as 
good as those produced by the baseline TCA process. 
An effort has been made to understand the effects of the new cleaning processes on the metal 
surface chemistry (e.g. residues left by cleaners, effect on oxide composition and thickness, cleaning 
efficiency for process soils, etc.). If bonding data follow the same trends as surface chemistry, the 
amount of confidence one can have in such data is increased. This increases one's assurance that bond 
strength differences between cleaners are real and are not the result of anomalies in the bonding tests. 
In this paper the use of surface chemical analysis techniques in the initial stages of a program 
to develop alternatives to TCA vapor degreasing is described. The analytical techniques used were 
electron spectroscopy for chemical analysis (ESCA), Auger electron spectroscopy (AES), and static 
secondary ion mass spectrometry (static SIMS). These methods are sensitive to changes in the top 
atomic layers in a surface and, as shown herein, provide unique insights into the effects of the various 
cleaners on adhesive bonding. 
2.0 EXPERIMENTAL 
ESCA, static SIMS, and AES measurements were performed at Physical Electronics 
Laboratories in Eden Prairie, Minnesota. The ESCA and SIMS measurements were made on a Physical 
Electronics Model 5600 XPS Spectrometer with a model 3700 static SIMS attachment. AES depth 
pofiles were performed on a Physical Electronics Model 650 Scanning Auger Microprobe. 
In the ESCA experiments, the sample was irradiated with monochromatic Al K a  X-radiation 
(hv = 1486.6 eV) while the kinetic energies of emitted photoelectrons, from which core-level binding 
energies are calculated, were measured. Analyses were performed on a 4 x 10 mm rectangular area on 
each sample. The average analysis depth in ESCA experiments is about 30 A, or roughly ten atomic 
layers. Information about surface elemental composition and chemical state (i.e. types of compounds 
present) can be obtained from the binding energies associated with the peaks in the spectrum. 
In static SIMS measurements, an approximately 5 mm square area was bombarded with 4 keV 
Xe' ions, with masses of the resulting positive and negative secondary ion fragments measured by a 
quadruple mass spectrometer. The primary ion dose used in the experiments (5 x 10" ions/cm2) is low 
enough to ensure that nearly every Xe+ ion strikes an undamaged area of the surface and produces 
fragments which accurately reflect the molecular structure of the surface species. Static SIMS 
complements ESCA measurements and often provides more precise identification of organic compounds 
than is possible by ESCA alone. Static SIMS is somewhat more surface-sensitive than ESCA, with a 
typical analysis depth of 3 - 10 A. 
AES was performed by bombarding the surface with a finely focused 8 keV electron beam and 
measuring the kinetic energies of emitted Auger electrons. AES provides surface elemental 
compositions with a sampling depth similar to that in ESCA, but with much better lateral resolution. 
The electron beam can be rastered over a surface, just as in a scanning electron microscope, providing 
elemental dot maps and SEM micrographs. AES was used for depth profile measurements to determine 
oxide thicknesses. These were made by first taking a 1000 X secondary electron micrograph, an 
average AES scan to determine elements present, and dot maps to determine element lateral 
distributions. Three small (10 p square) areas, selected to avoid areas with high levels of grit blast 
sand, were depth profiled by sputter etching with an Ar+ ion beam at a rate of 30 &minute (calibrated 
against a SiO, film of known thickness) while AES analysis was performed on the three areas. 
Metal coupons (D6AC steel and 7075 aluminum) were prepared for subsequent contamination 
and cleaning treatments by a standard procedure involving TCA vapor degreasing, followed by a heavy 
zirconium silicate gritblasting, a second TCA vapor degreasing treatment, and finally a light, "cosmetic" 
zirconium silicate gritblast just before processing. This procedure has been found to yield consistent, 
repeatable --- bonding - characteristics. The metal coupons were processed under the same conditions as a 
set of bonding specimens so that surface chemistry and bond strength couldbe directly correlated. 
The overall ODC elimination program is a cooperative venture between two Thiokol 
laboratories. Three-fifths of the bonding and surface analysis specimens described in this papeFwere 
processed at the Thiokol Science and Engineering (S & E) Research and Development Laboratory in 
Utah, while the rest were processed at the Thiokol Huntsville Space Operations (HSO) laboratory in 
Huntsville, Alabama. Differences in operating parameters and how the work was divided between 
laboratories will be discussed later. 
3.0 RESULTS AND DISCUSSION 
3.1 Overview of Testing Logic 
Down-select 150 + 15 c l e a ~ r s .  At the beginning of the program, samples of about 150 
cleaners (organic solvents, aqueous alkaline cleaners, and semi-aqueous cleaners) were obtained and 
evaluated. Organic solvents were to be used in spray-under-immersion (SUI) cleaning processes 
followed by a clean solvent rinse. Aqueous alkaline cleaners or semi-aqueous cleaners can be used in a 
SUI process or spray-in-air (SIA) process followed by a water rinse. The initial list of 150 cleaners was 
reduced to 15 by such criteria as solubility of process soils (e.g. grease, oil) in the cleaners, contact 
material compatibility, and bonding tests. Surface analysis was not involved in this phase. 
Down-select 15 cleaners12 processes + 5 cleaners11 process. Next, a series of bonding tests 
accompanied by Fourier transform infrared spectroscopy (FTIR), scanning electron microscopyienergy- 
dispersive X-ray analysis (SEMEDX), and diffuse reflectance infrared spectroscopy @RR) surface 
cleanliness measurements, was performed to evaluate the 15 cleaners (equally divided between organic, 
aqueous alkaline, and semi-aqueous categories) applied under both SIA and SUT conditions. The role of 
ESCA, AES, and SIMS surface analysis in this phase was limited to characterization of cleaner residues. 
This consisted of evaporating a few drops of each cleaner on aluminum foil and analyzing the residues 
with ESCA and static SIMS. This simple, inexpensive technique can yield a great deal of information 
on a cleaner. One semi-aqueous cleaner left a fluorocarbon residue (possible bonding release agent !) , 
Another organic cleaner left an excessively thick nonvolatile residue which was thick enough (tens of A 
or more) to cause concerns about interference with adhesive bonding. 
The organic solvents were eliminated from consideration because of poor cleaning efficiency 
- for process soils (as determined by DRIR) and poor epoxy-to-metal bond strengths. SIA cleaning was 
demonstrated to be superior to SUI cleaning for semi-aqueous and aqueous cleaning. Five cleaners 
(three aqueous and two semi-aqueous) were selected for further study in SIA cleaning processes. 
SEMIEDX, FTIR, and DRIR did not detect differences in surface chemistry between samples which had 
been contaminated with process soils and cleaned with the ,aqueous and semi-aqueous cleaners. These 
tests were repeated in the next phase with the same result, i.e. all semi-aqueous and alkaline aqueous 
candidates cleaned process soils to levels below detection limits, and no cleaner-induced changes in 
surface chemistry were noted. 
Down-select 5 + 2 cleaners. Here the main task was to down-select from the 5 SIA cleaners 
selected above to two cleaners which would be then subjected to extensive optimization studies. The 
semi-aqueous cleaners were Du Pont Axarel 52 Cleaning Agent and Dow Prima Clean Semi-Aqueous 
Cleaner. The aqueous alkaline cleaners were Bmlin 815 GD, Metalube 4U Multi-Purpose Cleaner- 
Degreaser, and Jettacin (Diversey). Surface analysis began to find extensive application in the study at 
this point. 
One objective of the surface analysis studies was to determine what the cleaners themselves do 
to the surfaces -- what residues they leave behind before and after rinsing, and their effect on oxide 
thickness and composition. A second objective was to make a preliminary determination of how well 
the cleaning processes remove soils which come into contact with the steel and aluminum bonding 
surfaces during RSRM manufacturing. These were Conoco HD-2 grease, which is applied to both steel 
and aluminum surfaces as a preservative, Magnaflux Magnaglo 20B magnetic particle premix and 
Magnaglo WA-4 water conditioner, which are used in magnetic particle inspection of steel hardware, 
and Shell Diala oil, which is used as a pressure test fluid on steel parts. 
Processing on semi-aqueous cleaners (Axarel 52 and Prima Clean) was handled by the S & E 
laboratory along with one aqueous cleaner (Jettacin, initially considered to be a semi-aqueous cleaner). 
The HSO laboratory processed the aqueous cleaners Brulin 815 GD and Metalube 4U. Processing 
conditions used at the S & E laboratory were a 30 % cleaner concentration in water (thought to be 
appropriate for semi-aqueous cleaners), 135 OF cleaner temperature, and a 70 psi cleaning/water rinsing 
pressure. At HSO, the parameters used were a 10 % cleaner concentration in water (thought to be 
appropriate for aqueous cleaners), a 135 OF cleaner temperature, a 1000 psi cleaning pressure, and a 70 
psi rinse pressure. The reader should keep in mind that in the study to be described Axarel 52, Jettacin, 
and Prima Clean coupons were processed differently from the Brulin 815 GD and Metalube 4U 
coupons. 
3.2 Typical ESCA, AES, SIMS Data 
Figure 1 shows typical ESCA spectra for freshly grit blasted D6AC steel. The low-resolution 
"survey" scan, taken to determine what elements were present, shows components of the grit blast sand 
(Zr, Si, Ti, Ca, and Al). A high-resolution scan of the carbon (Is) region is also shown. The high 
resolution scans allow one to ascertain what sorts of compounds are present. High-resolution scans 
were taken on at least one characteristic peak of each element detected. 
Figure 2 shows a typical AES depth profile (etch rate 30 kmin)  of freshly grit blasted D6AC 
steel with minor elements deleted for clarity. Also shown is the method of determining oxide thickness, 
i.e. by measurkg the position of the "knee" of the iron level vs. sputter time curve. (The oxygen level 
never goes to zero because of the resence of embedded particles of zirconium silicate.) The oxide 
thickness in this case is about 50 1 . 
Figure 3 shows typical static SIMS data (positive ions) for freshly gritblasted D6AC steel. 
These surfaces are quite clean as they exhibit mainly peaks of the metal and gritblast media. 
3.3 Effect of Cleaners on D6AC SteeV7075 Aluminum (No Soils Applied) 
Effect of Rinsing Failure. Experiments were performed in which the cleaners were applied to 
uncontaminated D6AC steel coupons using the SIA cleaning process and dried with no rinsing step. 
The purpose of such experiments was to determine what would happen in the event of a total rinsing 
failure. ESCA and static STMS measurements were performed and ESCA results are given in Table I. 
All cleaners leave significant residues --- - (primarily carbonaceous) relative to freshly grit blasted 
steel. In the case of JekiGn, Brulin 815 GD, andMetalube 4U the lay&-is thickenough to almost 
totally suppress the Fe signal from the substrate. This indicates that the layer is on the order of at least 
tens of Angstroms thick and is likely to interfere with most adhesive bonds. In addition to the 
carbonaceo6s iesidueS,ihe Axarel 52 surface contained significant Ievels of phosphates which probably 
are corrosion inhibitors. The Prima Clean coupon was visibly rusted, which may be due to the lack of a 
corrosion inhibitor as suggested by the ESCA data. Jettacin leaves sulfates, silicates, sodium, and an 
organic nitrogen species. - Brulin 815 GD leaves organic nitrogen, phosphates, potassium, and silicate. 
Metalube 4U leaves sodium and silicates. The apparent alkaline nature of the deposits from Brulin, 
Jettacin, and Metalube in particular may have an adverse effect on metal-to-epoxy adhesion, not to 
mention corrosion problems, if the residues are not adequately removed by rinsing. 
Residues Left After R i n s i n ~  To determine what kinds of residues are left after rinsing, freshly 
grit blasted steel and aluminum coupons were cleaned by the SIA process, rinsed, dried, and subjected 
to ESCA and static SIMS analysis. (As with the unrinsed panels, the Prima Clean washed D6AC steel 
panel was visibly rusted.) Figure 4 shows ESCA carbon levels after rinsing as a function of cleaner for 
steel and aluminum, with the freshly grit blasted and TCA vapor degreased steel data shown for 
purposes of comparison. All of the cleaners except Axarel 52 on steel and aluminum and Prima Clean 
on steel leave a clean surface from a carbon contamination standpoint, with carbon levels similar to 
freshly grit blasted and TCA vapor degreased samples. Axarel 52, on the other hand, leaves a 
substantial carbonaceous deposit on both steel and aluminum which is not removed by a water rinse. 
There is another significant difference between the alkaline cleaners and semi-aqueous cleaners 
which is displayed in Figure 5, a plot of SiIZr ratio vs. cleaner for freshly grit blasted coupons which 
were SIA cleaned with the various cleaners and rinsed. The chart shows significantly higher amounts of 
surface silicon on coupons cleaned with the aqueous alkaline cleaners Jettacin, Metalube 4U, and Brulin 
815 GD. (The S in r  atom ratio was plotted to eliminate the effect of variability in the amount of 
embedded ZrSiO, grit blasting sand on the apparent surface Si content.) High resolution ESCA scans 
and static SIMS analysis indicated that the excess silicon is present in the form of a silicate. The 
silicate levels seem to be highest for Metalube, with Brulin 815 GD the lowest and Jettacin in between, 
and the effect is stronger for aluminum than it is for steel. 
Oxide Thickness Measurements. AES depth profiles were performed on steel and aluminum 
coupons which were cleaned, rinsed and dried with no precontarnination, and also on freshly grit blasted 
controls and freshly grit blasted controls which had been TCA vapor degreased. With Axarel 52 
cleaned samples, the AES dot maps revealed that the carbon coverage detected in the ESCNSIMS 
results was non-uniform and "patchy" ; depth profiles were performed on "clean" areas in between the 
patches of carbonaceous material. The results for oxidelsilicate overlayer thickness are displayed in 
Figure 6. The Prima Clean steel sample was visibly corroded as with the identically processed 
ESCNSIMS sample above and, accordingly, the measured oxide thickness on the sample was greater 
than 300 A. Apart from that, the cleaning treatments do not significantly increase the steel oxide 
thickness relative to the baseline TCA vapor degreasing process. With aluminum, all of the cleaners 
oxidize the surface somewhat, with Prima Clean having the greatest effect. 
3.4 Cleaning Efficiency Studies 
Cleaning efficiency studies were also performed to make a preliminary assessment of the ability 
of the cleaners to remove HD-2 grease from steel and aluminum, magnetic particle materials from steel, 
and Diala oil from steel. The contaminants were applied to the surfaces and placed into the various 
cleaning processes, and then subjected to a final rinse. In the case of Magnaflux materials, the steel 
coupons were treated with a solution of Magnaglo 20B magnetic particle premix solution and then 
rinsed with a solution of Magnaglo WA-4 water conditioner prior to cleaning. It must be remembered 
that these studies are not conclusive as to which cleaners are most efficient as each cleaner was tested 
under only one set of processing parameters, and the processing conditions were not the same for all 
cleaners. 
In all data presentations on cleaning efficiency below, the results of the same cleaninghinsing 
experiment on a sample with no precontamination (see section 3.3 above) are included so that the reader 
can judge how much of a particuIar contaminant can be attributed to the cleaner itself and how much is 
a result of u~emoved soils. Comparative data on the TCA vapor degreasing process are also presented. 
- 
HD-2 Grease on Steel and Aluminum. ESCA cleaning efficiency results for HD-2 grease on 
steel and aluminum are shown in Figures 7 and 8. The ESCA carbon level is a measure of how much 
grease is left on the surface after cleaning. None of the cleaning treatments, except possibly Axarel 52 
on steel and aluminum, and Prima Clean on aluminum, completely remove HD-2 grease. With Axarel 
52 on both steel and aluminum, the static SIMS spectra of the cleaned surface indicate that the carbon 
residues left after cleaning originate with the cleaner. The carbon levels are actually lower when a 
surface is precontaminated with HD-2 grease and then cleaned with Axarel 52 than when initially 
noncontaminated samples are cleaned with Axarel 52. The HD-2 grease overlayer may partially prevent 
the components of Axarel 52 from adhering to the surface. In the case of Prima Clean on steel, the 
sample did not rust as was observed in the case of samples with no precontamination, suggesting that 
the small amount of grease left behind protects the steel from corrosion. 
Static SIMS spectra of HD-2 grease precontaminatedfcleaned surfaces for all cleaners except 
Axarel 52 contained high molecular weight (60 - 100 m u )  fragments which were not present in spectra 
of initially uncontaminated samples which had been cleaned with the cleaners and rinsed. These 
fragments are indicative of HD-2 grease. An extreme example of this is given in Figure 9, which shows 
a static SIMS spectrum for D6AC steel which has contaminated with HD-2 grease, cleaned with 
Metalube 4U, and rinsed, and a spectrum of pure HD-2 grease. The cracking pattern of the 
carbonaceous contaminant on the HD-2 contaminated, cleaned surface matches that of HD-2 grease. It 
does not match the static SIMS spectra of Metalube residues. 
Magnetic Particle Inspection Materials on Steel. In Figures 10 and 11, static SIMS and ESCA 
cleaning efficiency data for magnetic particle inspected surfaces are shown. Studies of control dried 
samples of ~ a ~ n a ~ l o  20B and WA-4water conditioner indicated that the residues are primarily 
carbonaceous, so the ESCA carbon percentage is used as a measure of surface cleanliness. The other 
elements found to be present in 20B particle premix and WA-4 rinse residues (B, N, Na) were 
effectively removed by the rinsing techniques. All cleaning treatments effectively remove the organic 
component (Figure 11) except Brulin 815 GD. Static SIMS spectra (Figure 10) show that the cracking 
pattern of the residue left after Brulin cleaning has characteristics similar to that of a pure WA-4 rinse 
conditioner control. 
Diala Oil on Steel. ESCA showed that all cleaners effectively removed Diala oil (data not 
shown). In the case of Prima Clean, the cleaning was thorough enough so that the steel sample rusted. 
With Axarel 52, as before, the cleaner left a heavy carbonaceous deposit of its own. 
3.5 Comparison with Surface Free Energy and Bonding Data 
Surface Free Energy. Contact angle measurements (using a variety of liquids of various 
polarities) were made on initially uncontaminated metal specimens which had been clear@ with the 
various cleaners, rinsed, and dried. The workof adhesion W, of a liquid can be expressed in terms of 
contact angle 8 by the Young-DuprC equation: - 
We, = y, (1 + cos 0) (1) 
where y, is the interfacial free energy of the liquid-vapor interface. For polar systems it is also 
customary to express the surface free energy y, as the sum of a contribution from London dispersion 
forces (f) and polar forces (y). The work of adhesion is customarily expressed in terms of dispersion 
and polar forces in the following manner: 
- 
w, = 2 (y,"uSd)O.S + 2 (y,P~SP)O (2) 
So, by combining equations (1) and (2), and using contact angle data from a wide variety of liquids of 
known 1'' and xP, the contributions to surface free energy from dispersion and polar forces can be 
calculated. 
Figure 12 shows the polar contribution to the surface free energy y,P for initially 
uncontaminated steel and aluminum surfaces which have been cleaned with the cleaners and rinsed. 
Data from freshly grit blasted surfaces, and surfaces which have been TCA vapor degreased, are 
included for comparison. It is seen that the semi-aqueous cleaner Axarel 52 produces a highly nonpolar 
surface for both steel and aluminum, probably as a result of the carbonaceous residue the cleaner leaves 
behind. TCA vapor degreasing also lowers the surface polarity relative to freshly grit blasted material. 
The aqueous cleaners Jettacin, Brulin, and Metalube increase the surface polarity, most likely due to the 
increased silicate content. For a polar adhesive such as an epoxy, we might expect the adhesive to wet 
the Jettacin, Brulin, and Metalube surfaces better, resulting in better bond integrity, while with the 
Axarel 52 cleaner we might expect less efficient wetting and poorer epoxy-to-metal adhesion 
performance. 
Adhesion performance tests. Most bonding tests were concerned with bond strength of Hysol 
EA-9I3NA epoxy adhesive to gritblasted D6AC steel or 7075 aluminum bondlines. These bondlines are 
much more sensitive to contamination than others on the RSRM. Bonding tests on more robust 
bondlines (e.g. NBR rubber-to-metal) cleaned with the five cleaners tended to fail cohesively in the 
rubber. The EA-913NA to mktal bondlines, as expected, proved to be much more sensitive to changes 
in surface chemistry as shown below. Tests conducted on these were fracture toughness (tapered double 
cantilever beam or TDCB) and tensile adhesion. Only fracture toughness results on samples which had 
been contaminated with HD-2 grease, cleaned, and then rinsed will be presented. Tensile adhesion tests, 
generally showed the same trends, but the differences were less pronounced. Fracture toughness is a 
more discriminating test for this type of system. 
Figures 13 and 14 show the EA-913NA bond strength results for steel and aluminum along 
with results from HD-2 contaminated/TCA vapor degreased surfaces and data from freshly gritblasted 
surfaces with no grease contamination. All five cleaners perform as well as or better than the baseline 
TCA process for these bondlines, with the aqueous cleaners (Jettacin, Brulin 815 GD, and Metalube 4U) 
outperforming the semi-aqueous cleaners Axarel 52 and Prima Clean. (Note: in current practice the 
EA-913NA to metal bondlines receive a post-clean grit blast prior to application of the adhesive, so the 
relativeIy poor bond strength of the TCA vapor degreased specimens is not characteristic of flight 
hardware. Also, the relative performance of the TCA vapor degreased specimens in tensile adhesion 
tests is better than in the fracture toughness tests.) 
The enhanced performance of the aqueous cleaners correlates with the high surface polarity, 
which in turn is probably caused by the silicate layer left by the cleaners. This enhancement yields 
higher bond strengths than a freshly grit blasted surface, and occurs despite the presence of residual HD- 
2 grease as detected by ESCA and static SIMS. Axarel 52, which creates a nonpolar surface as a result 
of the carbonaceous residues it leaves behind, does not perform as well as the aqueous cleaners. It was 
found that a post-clean grit blast to remove the residues was necessary to achieve high bond strengths 
with Axarel 52. With the aqueous cleaners, on the other hand, a post-clean grit blast actually reduced 
bond strength. This reduction probably occurs because of the removal of the cleaner-induced silicate 
layer, which apparently has beneficial effects on epoxy-to-metal adhesion. 
Down-select decision and work in promess. At the end of the five cIeaner evaluation, it was 
decided to proceed with further studies on Brulin 815 GD and Jettacin and to eliminate the other 
cleaners from consideration. Prima Clean was eliminated on the basis of the observed corrosion 
problems, while Axarel 52 was rejected on issues such as the necessity of a post-clean grit blast to 
achieve high bond strengths and seriously reduced performance of the cleaner when soil-loaded. 
Jettacin, on the other hand, produced the highest bond strengths in the screening program, while Brulin 
was judged to be the least corrosive of the cleaners in electrochemical tests on steel. Both cleaners 
showed adequate soil-loaded cleaning ability in preliminary tests. 
An additional testing effort to directly compare Brulin 815 GD and Jettacin is now in progress. 
It includes a two-level fractional factorial study which will determine the effect of such variables as 
wash and rinse pressures, cleaner concentratiodtemperature, and lab location on bond strength and 
surface chemistry. 
4.0 SUMMARY AND CONCLUSIONS 
The results here show the value of ESCA, AES, and static SIMS for explaining differences in 
adhesion performance for a contamination-sensitive epoxy-to-metal bondline. Conventional chemical 
analysis techniques failed to detect differences in surface chemistry among aqueous and semi-aqueous 
cleaners which in turn had measurable effects on bond strengths. These differences in surface chemistry 
were readily detected by ESCA, AES, and SIMS. For less contamination sensitive bondIines on the 
RSRM, such as the vulcanized steel-to-NBR interfaces, the differences in surface chemist~y had no 
effect on bonding results. For such systems conventional techniques are more useful. For example, 
FTIR and DRIR are capable of easily discerning grease levels which will cause the robust NBR-to-steel 
bondline to fail. 
While all five cleaners provided bond strengths equal to or better than those obtained by vapor 
degreasing, the aqueous cleaners (Jettacin, Metalube 4U, and Brulin 815 GD) yielded better bond 
strengths for an epoxy-to-metal bonding system than did the semi-aqueous cleaners (Prima Clean, 
Axarel 52). The reason for the difference was found to be a silicate layer left behind by the aqueous- 
cleaners which increases the polarity of the surface, thereby increasing epoxy-to-metal bond strengths. 
This silicate layer probably also provides a measure of corrosion protection. The semi-aqueous cleaner 
Axarel 52, on the other hand, leaves behind a nonpolar carbonaceous layer which appears to reduce 
-- 
epoxy-to-metal bond strengths. The semi-aqueous cleaner Prima Clean was found to promote rusting of 
steel surfaces and was therefore dropped from consideration. 
In cleaning efficiency studies, it appeared that Jettacin and Axarel 52 removed process soils 
somewhat more efficiently than Brulin 815 GD and Metalube 4U. (However, Axarel 52 leaves its own 
carbonaceous residue which more than compensates for its apparently good cleaning efficiency.) It 
cannot be said at this point, however, which cleaners clean "best" since only one set of process 
conditions per cleaner was studied, and the conditions were different for different cleaners. More 
definitive studies involving a wide range of process conditions are underway on two of the cleaners 
(Jettacin and B d i n  815 GD). These studies will provide a more sound basis for the finaI down- 
selection. 
The authors would like to recognize the contributions of following individuals to this study: 
Kurt Evans, Kenneth Schulte, and John Stevenson of ThiokoVUtah, and Jill Keen of ThiokoVHSO for 
providing bonding data and assisting in sample preparation, and Dr. James Sinclair of ThiokoVUtah for 
providing surface free energy data. 
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Abstract 
Increasing environmental legislation has brought about the development of many new 
environmental databases and software application packages to aid in the quest for environmzatal 
compliance. These databases and software packages are useful tools and applicable to a wide range of 
environmental areas from atmospheric modeling to materials replacement technology. The great abundance 
of such products and services can be very overwhelming when trying to identify the tools which best meet 
specific needs. This paper will discuss the types of environmental databases and software packages 
available. This discussion will also encompass the affected environmental areas of concern, product 
capabilities, and hardware requirements for product utilization. 
Introduction 
The increasing promulgation of international, federal, state, and local environmental legislation 
is affecting all facets of business and industry. Such legislation has become the driving force in the 
development of many new environmental databases, software programs, and other computerized 
information products. These databases and related products are useful tools when striving for 
environmental compliance, and are applicable to a broad range of environmental technology areas. The 
purpose of this paper is to educate the engineer on the increasing environmental legislation and to provide 
information on the available electronic computerized information compliance tools. 
A greater understanding of environmental legislation is a necessity when trying to appreciate the 
emerging environmental information tools. The Clean Air Act Amendments of 1990 (CAAA), Montreal 
Protocol, revised Montreal Protocol (also known as the Copenhagen Protocol) and a presidential executive 
order are the primary legislative environmental drivers which are greatly challenging the traditional 
aerospace, production and manufacturing practices. This cadre of legislation encompasses but is not limited 
to enforcement, regulations, and production bans on various chemicals. The needs for engineers to quickly 
access large amounts of environmental information has greatly increased. 
Title VI of the CAAA mandates a U.S. production ban on Ozone Depleting Substances (ODSs). 
Chlorofluorocarbons (CFCs), methyl chloroform, and carbon tetrachloride production will cease by January 
1, 1996. Hydrochlorofluorocarbons (HCFCs) have varying production phase-out dates from 2003 to 2030 
(S. Newman, 3). An article entitled Environmental Initiatives at NASA states that ODSs are utilized in 
many applications such as surface cleaning, cleanliness verification, laboratory analyses, thennal protection 
systems and many others (141). 
The aerospace engineer must also comply with Title III of the CAAA. This legislation classifies 
189 chemical and compounds as Hazardous Air Pollutants (HAPs) (Murphree, 4). HAPs are those 
chemicals which are carcinogenic, mutagenic, or cause reproductive damage. Examples of HAPs include 
heavy metals such as chromium, lead and nickel. CAAA, Title III requires the Environmental Protection 
Agency (EPA) to promulgate 156 National Emission Standards for Hazardous Air Pollutants (NESHAPS) 
(Murphree, 4). This promulgation began in 1993 and must conclude by 2003. NESHAPs establish federal 
emission limits for HAPS. NESHAPs also require the usage of Maximum Available Control Technology 
(MACT) to curb emission rates. 
Volatile Organic Compounds (VOCs), as defined by the EPA, are carbon containing compounds 
which are not ODSs. VOCs are targeted by the EPA because they are precursors to ambient ozone and 
other forms of air pollution (SPI, 3). Title I of the CAAA, requires the EPA to promulgate Control 
Techniques Guidelines ((JTGs) for the Aerospace Industry and Shipbuilding Industry. These two industries 
were singled out in part due to the large acreage of hardware encompassed by these industries. The CTGs 
will set emissicn limits on VOCs and require states to utilize Reasonably Achievable Control Technology 
(RACT). 
The aforementioned discussion on environmental legislation illustrates the reasons why the 
aerospace engineer must now consider environmental compliance when designing a new process or 
maintaining an established process. A thorough understanding of the process from "the beginning -of-the 
pipe" to "the end-of-the pipe" is a must. The engineer must assume some of the responsibility for 
identifying the related environmental impacts of the entire process and review these impacts with the 
facility's resident Environmental Management Office. Materials replacement technology is a relatively new 
area and many traditional environmental management offices have greater experience with remediation and 
permitting issues. Many engineers are discovering that the management of everchanging environmental 
legislation and related impacts upon traditional manufacturing processes is difficult at best. Furthermore, 
the typical replacement sequence for materials is five years. This five year time span encompasses 
identification, evaluation, and requalification of materials. 
The vast majority of engineering work of today is performed on Personal Computers (PCs) 
(Zanetti, 5). Many engineers have PCs on their desks and utilize these PCs to write reports, design 
flowcharts, calculate matenial balances, and handle accounting. Furthermore, many companies are phasing 
out mainframes and replacing them with Local Area Networks (LANs) and Wide-Area Networks (WANs). 
WANs link LANS via leased phonelines thereby allowing an engineer in the U.S. to access a database in 
another country (Zanetti, 5). These databases allow the engineer to retrieve subsets of information from 
the abstracts, full text articles, periodicals, wire service stories, newspaper editorials, and professional 
group newsletters that are collected and periodically updated (McCann , 394-395). Attributes of on-line 
databases include accessing readily available information without extensive training or specialized 
equipment, and greater flexibility when conducting a search. 
Computerized environmental information is available on several formats including on-line 
databases, stand-alone databases, CD ROM and other software products and cover a wide range of topic 
areas. Software products include database programs, EPA/OSHA reporting - - - forms, - - - -- chemical inventory 
tracking systems, environmentallchemistry calculation programs, emission monitoring, and -A test 
methods. The specialized topic ateas encompass pollution prevention/control, waste remediation, 
environmental legislation , and environmental/chemistry research. 
-- 
The great abundance of such products and services can be very overwhelming when trying to 
identify the tools which best meet specific needs. The identification of requirements is the initial step in 
selecting the most accurate tool. One has to determine the type of environmental information that is to be 
managed or acquired. It is common to utilize several computerized environmental information products 
to access or determine different types of information. Furthermore, several databases and related products 
may be used during the life cycle of a project (design, development, operation, and termination). After 
identifying the type of environmental information to be acquired/managed, the aerospace engineer can select 
from the several existing databases and other related software products that are on the market today. 
Com~uterized Environmental Information as an Emerniw Technolonv A= 
Several companies and federal agencies have identified the need for computerized environmental 
information and are responding by developing products and services. Microsoft has the WindowChem 
Software product line. This product line was founded to provide a distribution network for those 
programmers working in the Microsoft Windows environment, developing software to solve chemistry 
related problems (WindowChem , 2). Further infonnation about the WindowChem software product line 
can be obtained by calling 1-800-536-0404. Also, the EPA developed the Technology Transfer Network 
(TNN) which houses sixteen environmental databases and related services. The topic areas range from air 
monitoring to ecosystem protection. The modem access number is (919) 541-5472, and the interne4 
address is TELNET ttnbbs.rtpnc.epa.gov. Brief descriptions of the available products are provided. 
Accessinn Le~islationlRegulatio~ 
The myriad of everchanging federal, state, and local legislation is difficult to track. However, 
this type of information is essential due to the regulatory impacts upon current and future projects. Several 
computerized products and services are available to ease this nevereoding task. 
+ Clean Air Act Amendments BB (CAAA) 
- on-line database devoted to Clean Air Acts Amendments 
- bulletin board service 
full text of proposed Hazardous Organic NESHAP 
EPA sponsored 
downloadable 
Technology Transfer Network 
- free cost 
modem # 1 (9 19) 541-5742 
- Internet address 1 TELNET ttnbbs.rtpnc.epa.gov 
+ Regscan for Windows and MACs 
stand-alone 
contains finallproposed rules for Code of Federal Regulations (CFR) 40, CFR 
49 (and other CFRs), also the complete Federal Register 
includes state safety and environmental regulations 
- manufactured by Regulation Scanning Company 
- $500 (starting price) 
- company phone # 1 1-800-326-9303 
Researchinn Environmental and Chemistw Journals 
Oftentimes the aerospace engineer encounters specialized technical challenges. The environmental 
and chemical journals enable the engineer to stay abreast of the "state-of -the-art" developments in specific 
technology areas. This on-line capability also allows engineers to search on the needed subject matter, 
and does not require a lot of space as does hard copies. 
+ Chemistry Journals of the American Chemical Society (CJACS) 
127,000 records contained in on-line database 
approximately 22 journals (e.g. "Environmental Science & Technology, 
Chemistry of Materials) 
- searchable information (except for some mathematical and chemistry equations) 
- Scientific and Technical Information Network (STN) 
- $ 2 9 h  connect fee (display and sear& fees applicable) 
+ Environment Reporter 
- contains complete test of c u m t  developments section 
- information on federallstate legislation, pollution control 
- Westlaw network (offers several environmental databases) 
subscription cost is S125lyear 
user cost is $4.05/minute 
CD ROM is $6,748 
additional networks: Dialog, Lexis 
- prices vary per network 
T d e n t i f v i n e e s  of Materials 
The engineer will also discover that many environmental databases contain chemistry information 
and that many chemistry databases contain environmental information. The physical and chemical 
properties of materials is important information to have when replacing an environmentally mn-compliant 
material with a compliant material. The reactivity and stability data in useful in determinjng the shelf-lives 
of materials. Much of this type of information is contained within Chemistry databases. 
+ Environmental Chemicals Data and Information Network (ECDIN) 
on-line databases 
- chemical identification of 122,400 chemical compounds 
- contains 19 files : physicallchemical properties, chemical processes, toxicity 
information ( 20,000 compounds) 
- internationally produced (Commission on the European Communities & others) 
- DIMDI network 
phone #/ 0332 789720 
+ EM Science Chemicals Information System (EMCIS) 
- WindowChem software 
- stand-alone database 
- physical/chemical properties 
stability/reactivity data 
toxicity data 
- requires Windows 3.x. Excel 4.0 
$395 
phone #/ 1-8GO-536-0404 
Implementing Materials Re~lacement Technology 
Materials Replacement Technology is an emerging technology area. As previously stated 
throughout the text, the project engineer will have to assume increasing responsibility for ensuring that 
environmental compliance is achieved and maintained during the life cycle of a project. The NASA 
Operational Environment Team (NOET) has developed two unique databases to assist with materials 
replacement tasks. 
+ NASA Environmental Information System (NEIS) 
- on-line database within the Materials & Processes Environmental Engineering 
Network (MPEEN) database 
- contains information on legislationlregulations 
- physicallchemical properties of solvents and other cleaning materials 
- cleaning evaluation results 
- free access 
- Internet # 1128.158.1.200 
- modem #/I-800-320-6272 
- point of contact /Ms. Beth Cook, (205) 544-2545 
+ Aero-Mat 
- contains usage and volatile organic content (vc) of materials 
- identifies specification drivers 
- contains specification drivers 
- stand-alone database (will eventually merge into NEIS) 
- currently limited access 
-hoMethods (EPA and Othersl 
The electronic test methods enable the chemists or engineer to search and identify all the test 
methods that use utilize a certain chemical as the anlalyte. One can also retrieve several test methods to 
determine the suitability of needs. These test methods aid in the customization of standard operating 
procedures because the chemist can "cut & paste" , and combine tbe appropriate sections of the various 
methods. 
+ Electronic Methods for EPAI National Institute of Occupational Safety and Health 
NOSH) I Occupational Safety and Health Administration (OSHA) 
- WindowChem product 
stand-alone database 
- EPA waste & water methods, air toxic methods (and many others) 
information is searchable by method#, analyte, CAS #, instrumentation 
- prices vary ($300 - $1 100) 
- various subscription plans available 
- phone # I 1 - 800 - 536 -0404 
+ Environmental Monitoring Methods Index (EMMI) 
EPA sponsored 
stand -alone database 
- contains information on 2600 of EPA's regulated chemical substances 
- summaries of 926 analytical methods 
manufacturers of analytical standards 
- regulatory limits 
- $385 - $1995 
- phone # 1 (703) 487-4650 
Co_mplying With Air Emissions Standar& 
The increasing promulgation of National Emission Standards for Hazardous Air Pollutants 
(NESHAP) will require closer monitoring of the emissions released from 174 targeted source categories. 
Several products are available to guide the engineer through the air emissions permitting process. Also, 
many products have been developed to provide air dispersion modeling capabilities. 
+ Breeze Dispersion Models 
- product line contains 35 air dispersion modeling programs 
- several modeling programs approved by the EPA 
menu -driven programs (help screens, tutorials) 
guides user through data entry, model execution I plot generation for continuous 
emissions from stacks, mobile sources & accidental releases 
- access to technical support 
- $450 (starting cost) 
- phone # l(214) 661-8100 
+ Controlling Air Tonics (CAT) Version 1.0 
- EPA - sponsored 
- stand - alone database 
- assists in review of air emissions permit applications 
provides guidance on control devices 
calculates design parameters 
estimates costs for control devices 
- $55 
phone # 1 (703) 407-4650 
Chemical Inventow Mananement 
Two common tasks associated with the chemical management process are chemical inventory 
and the management of Material Safety Data Sheets (MSDSs). Each tasks is extremely important in 
achieving environmental compliance. However, these tasks are typically time consuming, cumbersome and 
entails numerous amounts of paper. Several computer programs are available to automate these tasks, and 
provide paperless chemical management. 
Chemical Inventory Software (CIS) 
WindowChem software 
- tracks chemicals and other materials 
- provides descriptions of general hazards 
- provides specification of vendor and catalog numbers 
identifies storage locations 
$199 
phone # I 1 - 800 - 536-0404 
+ Material Safety and Data Sheet (MSDS) Manager Perfonn Pro Template 
- WindowChem Product 
- designed for the specialty chemical manufacturer 
- allows engineers and chemists to write, publish , store, md distribute their own 
MSDSs 
stores all MSDSs in one electronic location 
merges vendors MSDSsI extracts vendors MSDSs 
- $199 
- phone # / 1 - 800- 536 - 0404 
Performine Mathematical Calculations and chemicil conversiow 
Several computerized products are available to assists the chemist or engineer with chemical 
conversions, mathematical calculations, and environmental calculations. These products save time and 
reduce errors caused by calculations. The following programs are WindowChem products and the phone 
number is 1-800-536-0404. 
4 Chemical Conversions 
- drop down menus to convert 2000 different unit conversions 
- unit conversion include mass, pressure , volume , flow rates, energy, 
concentration 
- $89 
+ Environmental Molecular Weight Calculator 2.0 
- formula database of over 1000 environmentally regulated compounds 
- chemical formulae of compounds from EPA methods (Water & Waste ) 
- calculates amount to add to given volume of liquid to make desired solution 
concentration 
$119 
+ Special Environmental Calculations Macros 
reporting for waste, water, chloride content 
utilizes Excel to automate reporting of environmental samples 
- macros are same mathematics as used in EPA methods 
- $39 - $1495 
Conclusion 
Computerid environmental information offers several benefits . The databases provide greater 
flexibility when searching for specific information resulting in a time savings. This information can be 
captured and brought in-house. Also, the paperless engineering minimizes the physical space required 
to store information. 
The environmental information products provide services that replace the manual tasks performed 
by engineers and chemists at one time or another. These services include automation of the chemical 
inventory process; customization of MSDSs; ease in creating customized Standard Operating Procedures; 
and aiding in the air permitting process. Additional benefits from these products are reduction in 
redundancy of material replacement efforts; current status of environmental regulations and legislation; 
easy access to EPA analytical test methods; and less manual number crunching when performing chemical 
/environmental unit conversions. 
In summary, engineers will face increasing challenges when striving for e n v i r o m t a l  compliance. 
These global challenges will drive the development of emerging technologies for environmental compliance. 
Computerized environmental information of varying formats and topic areas will be utilized. 
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Abstract 
The NASA Environmental Information System (NEIS) is a tool to support the functions of the 
NASA Operational Environment Team (NOET). The NEIS is designed to provide a central 
environmental technology resource drawing on all NASA centers' capabilities, and to support program 
managers who must ultimately deliver hardware compliant with performance specifications and 
environmental requirements. The NEIS also tracks environmental regulations, usages of materials and 
processes, and new technology developments. It has proven to be a useful instrument for channeling 
information throughout the aerospace community, NASA, other federal agencies, educational institutions, 
and contractors. The associated paper will discuss the dynamic databases within the NEIS, and the 
usefulness it provides for environmental compliance efforts. 
Evolution of NEIS 
In April of 1992, Mr. Goldin, the NASA Administrator, instructed MSFC to proceed with an 
Agency-wide environment effort. The NASA Operational Environment Team (NOET) was created and 
given the responsibility to maintain environmental compliance in all operational areas including the 
design, development, test, production, and use of space flight hardware. The NOETs approach to handle 
this responsibility is to provide a central environmental technology resource among the many NASA 
projects to pursue cleaner propulsion systems and to pursue replacement technology for environmentally 
affected materials and processes. 
To disperse the rapidly developing tqhnology among all projects with similar needs, NOET 
periodically holds Technology Interchange Meetings (TIMs) at which individuals working similar 
problems can discuss their technology activities. However, another mechanism for providing information 
on technological advancements was necessary. In addition to technical interchanges for dissemination of 
replacement technology activities, a NASA-wide environmental database has been established, is updated 
periodically, and is available to NASA and aerospace contractors. Information from NASA, contractors, 
and vendor research and development efforts is provided to NOET for addition into the database, titled the 
NASA Environmental Information System (NEIS). 
Structure of NEIS 
NEIS is one of three components in a larger information system called the Materials, Processes, 
and Environmental Engineering Network, or MPEEN. MPEEN is maintained at NASA's Marshail Space 
Flight Center (MSFC) in Huntsville, Alabama by the Materials and Processes Laboratory. Within this 
vast information storage, display and retrieval system are volumes of data on environmental replacement 
materials information, metallic and non-metallic materials properties, failure analysis research, foreign 
alloy cross-referencing, specifications and standards, longduration exposure facility, and more. Once the 
MPEEN system has been accessed, this information can be reached through three distinct nodes: the 
Materials & Processes Technical Information System (MAFTIS), Failure Analysis Information System 
(FATS), and NEIS. A graphical depiction of the information system's interactive relationship can be seen 
in Figure 2. 
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Contents of NEIS 
NEIS is designed to provide a central 
environmental technology resource for all centers 
and their contractors; to track and access 
environmental regulations, chemical usages, and 
environmental technology development; to support 
program managers who must deliver 
environmentally complia@ hardware; and to 
provide communication within NASA and among 
NASA, other agencies, contractors, and educational 
institutions. To do this, the NEIS keeps tabs on 
environmentally compliant research and technology 
designed to replace current aerospace materials and 
processes. Figure 1 shows the complete set of 
options available through NEIS as they appear in 
the NEIS Main Menu. 
NEIS Main Menu Options: 
Regulatory updates 
ODs Specifications & Standards 
NASA-wide ODs Usage 
Replacement Solvent Summarits 
MateriallProcesses Replacement 
Prioritization h4atrix 
Chemical & FI~ysical PFoperties 
Points of Contad 
Program Tasks 
In-house Activities 
WorkshopIConference Minutes 
Calendar of Events 
I 
Figure 2 
The Program Tasks option of NEIS provides a comprehensive look at each replaoement activity 
NOET monitors within the Shuttle projects. External Tank is developing a new formulation for their 
foam blowing agent to eliminate CFC-11. Environmentally-friendly solvents are being evaluated to 
replace CFC-I13 and TCA which are currently used in handwipe cleaning operations. High pressure 
water blast and other methods are being studied to replace current vapor degreasing operations. These 
activities and more are documented in the Program Tasks option of NEIS. Information can be queried by 
the task title, the contractor involved, the targeted chemical being eliminated or reduced, or the area of 
environmental impact. A synopsis of efforts to date and current funding status can also be found here. 
The ODs Specifications and Standards option contains the results of NOET's 1993 survey in 
this area. Over 400 documents were identified in this survey, and of those, only 71 identified NASA as 
the custodian. However, more comprehensive research has since revealed that NASA may need to revise 
107 documents total. Many of these changes have already been made and have thus reduced the number 
of required revisions. Impacted documents can be retrieved from the NEIS by their title, number, or 
custodian. Other information provided includes and abstract, identified NASA users of the document (by 
centers), targeted ODs chemical referenced, and forbidden chemicals and suggested alternatives as 
identified in the document. This data option contains all documents referenced by the survey. They 
include NASA-owned standards, military specifications, contractor documents, and more. 
The Regulatory Update option provides informal summaries of interactions with EPA and 
federal and state and regulations. For example, status's of the Thiokol Essential Use Exemption Request 
and of NOET's discussions with EPA on the NESHAP for Aerospace Manufacture and Rework are 
available. Forthcoming NESHAPs and CTGs will also be referenced here. These summaries can be 
queried by keywords, title, or source of information. Each record contains a summary or status of events 
to date. Older selections may contradict newer inputs if regulations have been updated or changed. 
ALL NASA CENTERS 
OZONE DEPLETING CHEMICAL USAGE 
Year 
The NOET-sponsored workshops are cataloged in the WorksboplConference Topics option. 
For each event, be it a Technical Interchange Meeting, a Video Teleconference, or an All-Centers' 
Meeting, and agenda of the activities as well as an abstract of each topic is available. This information 
can be queried by the 
event title, the 
presentation title, 
date of that event, or 
speaker 
namdorganization. 
Another 
useful option is the 
NASA-wide ODs 
Usage. A user can 
look at the annual 
usage trends for each 
center or for all 
NASA through this 
selection. The 
information is 
represented by bar 
graph for the years 
1990, 1991, and 
1992. Unfortunately, 
NASA did not Figure 3 
conduct a usage survey for 1993 so data from that year is unavailable. An example of output from this 
menu option is provided in Figure 3. 
Another option within the NEIS is the Material/Processes Replacement Prioritization Matrix. 
This option opens to the user an automated tool for evaluation and prioritization of alternative materials 
and processes. The analysis is performed based on a Quality Function Deployment (QFD) method of 
optimization. The series of forms will direct the user to identify a material or process to be replaced. The 
next step is to identify all areas of concern with the material or process and to assign weighting factors to 
each concern. These concerns fall into several categories:, Regulatory, Process, Chemical, Safety, 
Environmental, Cost, and Scheduling. This allows the user to list all criteria the replacement must meet 
and to identify how important each area of concern is to the acceptance of the replacement. For example, 
if CFC-113 is being replaced as a handwipe, toxicity might rate higher than evaporation rate (as a 
chemical concern) because of the close proximity in which the operator will be using the handwipe 
cleaner. Of course safety concerns should also be considered in this situation. This example demonstrates 
how some concerns are greater issues than others and should be weighted accordingiy, and it 
demonstrates how looking at some concerns can lead to looking at others. 
Once all the concerns have been identified and weighted, the user can list each potential 
replacement and for each concern, can assign a number to rate its ability that previously selected criteria. 
After all the potential replacements have been added to the system, the user can run a report to determine 
the optimal solution. To do this, the program multiplies the weighting factor by the rating a potential 
replacement scored. These products are then tallied per potential replacement and the results are 
provided in a well organized report. The scoring of each potential replacement on each concern can also 
be studied by running a long report. 
Only six of the NEIS options have been discussed at this point, but the other five options are also 
available. Two of the remaining five provide lists on points of contacts and upcoming events related to 
NASA's environmental activities. The Replacement Solvent Summaries option lists a variety of 
materials which have been tested to replace some cleaning solvent or process to be eliminated. Along 
with the list of materials is a denotation of whether the material passed or failed the particular criteria for 
that situation, and the name of the person who conducted that test. This is a quick way for one to get a 
feel for what type of replacements with which to begin a private evaluation as well as a point of contact to 
gather details about testing already performed. One option, the Chemical & Physical Properties, 
provides a look at some basic properties of various replacement solvents and the materials to be phased- 
out. Finally, the In-house Activities provides a quick summary of replacement activities underway "in- 
house" throughout the NASA centers. 
Future of NEIS 
Two major activities will be on-going through the remainder of 1994 to enhance the capabilities 
of the NEIS. First is the upgrading of the existing MPEEN system. Second is the inclusion of the Aero- 
Mat database into the existing NEIS. 
The MPEEN system currently has a storage capacity of five Gigabytes, a memory capacity of 
64Km and an operating speed of 28 MIPS. The system accommodates many users and during prime 
operating hours, commands are processed rather slowly. An upgrade has been purchased from Digital 
Corporation from the Alpha 7000 series which is currently on the market. The new system has a storage 
capacity of six to over 100 Gigabytes, a memory capacity of 128M to two Gigabytes, and an operating 
speed of 150 to 200 MIPS. This Alpha 7000 upgrade will replace the existing VAX computer cluster 
system as the active system to be accessed by users. The existing VAX cluster will be used off-line for 
development of new programs and tasks. 
The Areo-Mat Database is a tool that was developed off-line, in a PC environment, for quick 
accessibility and manipulation of data. This database houses material names, manufacturers, VOC 
content, annual usage, as well as other data pertinent to aerospace material usage on production lines. 
Materials included in the data include cleaners, paint t h i ~ e r s ,  various specialty coatings, foams, 
adhesives, and sealants. This data has been used to aid the NOET as it evaluates proposed regulations and 
discusses NASA's unique needs with EPA. This data has proven helpful in justification of the aerospace 
community's special technical requirements. The data has been compiled from many Centers and 
contractor facilities. Now that it is in a manageable format, it will be stored within the MPEEN system. 
With this additional information, the NEIS can address environmental compliance issues other than ODC 
replacement. 
These two expansions of the NEIS will add to its capabilities and to its usefulness. The merging 
of the Aero-Mat Database with the existing NEIS should take place during the Fall of 1994, and the VAX 
system improvements are expected to be in place during the 1995 fiscal year. The NEIS is an ever- 
growing, ever-improving, data storage system which strives to accommodate the varied needs of process 
engineers, program managers, and materials specialists as they address the increasing requirements for 
environmental compliance. The demands placed on manufacturers of all types, both federally and locally, 
are growing increasingly stringent with each issuance of regulation from the EPA. Small businesses do 
not have the manpower or other resources to independently address al l  replacement issues, and large 
companies do not have the budgetary freedom to explore all alternative options. This NEIS provides 
individuals from various situations with the opportunity to learn from other's activities without 
unnecessarily duplicating effort. With today's tight budgetary constraints, this opportunity is critical to 
the survival of many processes and procedures. 
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ABSTRACT 
The NASA Operational Environment Team ( N O W  has conducted a survey of NASA centers 
specifications and standards that require the use of Ozone Depleting Substances (ODSs) 
(Chlorofluorocarbons (CFCs), Halons, and chlorinated solvents). The results of this survey are 
presented here, along with a pathfinder approach utilized at Marshall Space Flight Center (MSFC) to 
eliminate the use of ODSs in targeted specifications and standards. Presented here are the lessons 
learned from a pathfinder effort to replace CFC- 1 I3 in a significant MSFC specification for cleaning 
and cleanliness verification methods for oxygen, fuel and pneumatic service, including Shuttle 
propulsion elements. 
INTRODUCTION 
With the Copenhagen Amendment to the Montreal Protocol, all United States Government 
agencies and United States industries have had to greatly'accelerate their phase-out of ozone-depleting 
chemicals (e.g. chlorofluorocarbons, chlorinated solvents). NASA organized a team in April of 1992, 
the NASA Operational Environment Team (NOET), to coordinate environmental compliance activities 
across the agency's programs. This NOET was chartered to disseminate information across all 
programs in an effort to eliminate any redundant replacement activities. Since the NOET needed to 
know just how extensive was NASA's usage of environmentally targeted materials, usage surveys were 
executed across the agency. It was discovered that many specifications, standards and procedures used 
at the various NASA centers call specifically for the use of targeted chemicals, such as CFC-113 (1,l.S 
trichloro-l,2-trifluoroethane) and TCA (l,l,l-trichloroethane). Each of these specifications will need 
to be revised or replaced to ailow NASA operations to continue in an environmentally compliant 
fashion. However, these specifications and standards generally have wide applicability, and the 
implications of revising these requirements are significant with potential cost impacts for the users. 
This paper will address the approach, methods, magnitude and scope of implementing environmental 
replacement technology in NASA specifications and standards. In addition, the discussion will show 
how the activities to replace CFC-113 and TCA in a widely utilized NASA Marshall Space Flight 
Center (MSFC) fluid system cleaning specification could be used as a pathfinder or model approach for 
the replacement of targeted materials in specifications and standards throughout the agency. 
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DISCUSSION 
The NOET approach to replacement of non-compliant specifications and standards is 
implemented through the Replacement Technology Team ( R T ~ )  as a f m  phase program to: ( I )  
identify current applications that use ODSs; (2) identify the performance requirements of those 
applications; (3) identify potential replacement compounds with equivalent characteristics; and (4) 
assure that specifications, standards and procedures are revised, where practicable, to pernit tbe use of 
alternate compounds (reference 1). 
The R T ~ ,  which is a component of the NOET, is responsible for identifying potential 
alternative and replacement technologies and materials for non-compliant compounds. In addition, an 
objective of the R T ~  is to identify and revise specifications, standards and pr&s that utilize 
individual or specific groups of non-compliant materials. R T ~  addressed the specifications and 
standards revision issue by requesting information from all NASA centers on any documents requiring 
the use of Class 1 or Class 2 ODSs. Responses to this information call were received in 1993 and were 
compiled to d e b  the size and scope of the revision effort required by NASA Over 300 
specification/standard documents were identified in this survey from all the NASA centers. However, 
NASA was custodian for only about one-half or 144 of the documents identified, i.e. these 
specifications or standards were under the direct responsibility and control of NASA. . 'I'berefore, other 
standards that were not under direct control of NASA were not part of this survey, e.g. Federal, 
Military, Industry or company standards. Table 1 identifies the number of NASA spedfications that 
reference the use of ODSs and which ODSs these documents specify. 
I I I other Class 1 and 2 ODSs not shown were not reported in any I c NASA documents 
Table 1: ODSs Used In NASA Specifications and Standards 
The most widely specified or utilized ODSs identified by this survey, in descending order of 
their frequency of the appearance in these specifications or standards were CFC- 113, TCA, HCFC-21 
(dichlorofluoromethane) and CFC-114 (1.2-dichloro-l,l,2,2-tetrafluoroethane). The primary use for 
these targeted chemicals in the specifications identified were cleaning, cleanliness verification, heat 
transferirefigeration, analytical methods, and reference standards. 
NASA's Jet Propulsion Laboratory (JPL), Johnson Space Center (JSC), Kennedy Space Center 
(KSC), Langley Research Center (LaRC), Stennis Space Center (SSC), and MSFC identified 
fluid/propellant system precision cleaning specifications that require revision. These and similar 
specification revision activities to implement replacement technologies could benefit fiom cooperative 
efforts among NASA centers for consolidation into common NASA-wide specifications and standards. 
In fact, a plan for the development of a NASA-wide fluid and propellant system precision cleaning 
specification was adopted by NASA M&P Working Group at the second annual NASA Materials and 
Processes (M&P) Standards Committee meeting at JSC in April 1994. The draft of this specification is 
anticipated by April of 1995. This NASA-wide precision cleaning specification for fluid systems will 
build on the ODs replacement activities underway at each center by utilizing their environmentally 
compliant specification revisions as the basis for development of a NASA-wide standard. Examples of 
NASA specifications that have been or are being updated with alternate cleaning materials and 
processes are: KSC-C-123, "Specification for Cleanliness of Fluid Systems"; MSFC-SPEC-164, 
"Specification for Cleanliness of Components for Use in Oxygen, Fuel and Pneumatic Systems"; JSCM 
5322, "Contamination Control Program Requirements Manual"; and SSC Standard 79-01, "SSC 
Facility Cleanliness Requirements for Propellant, Gas and Hydraulic Systems". 
The results of this survey were not necessarily intended to encompass all the specifications and 
standards used by NASA prime contractors and subcontractors. 'Ibis relationship is very complicated, 
making it difficult to identify whether certain requirements are actually tied to a NASA specification, 
standard or derived requirement. In addition, some subcontractors consider their internal standards to 
be proprietary. Typically, these contractor specifications are internal company or industry standards, 
and specify the design, development, manufacturing and testing quirements for hardware systems. As 
a result, these specifications could easily specify a significant number of materials, substances and 
chemicals, of which the numbers of specifications and standards utilizing targeted ODSs should far 
exceed those reported here by the NASA centers. 
Table 2: ESDB Contents 
It has been noted that this survey was intended to take into account primarily those 
specifications and standards which are baselined, controlled, maintained, and approved for use by each 
NASA center. These specifications and standards are generally contained in a NASA Engineering 
Standards Data Base (ESDB), which is a part of the Materials, Processes and Environmental 
Engineering Network (MPEEN) residing on a VAX cluster at NASA's MSFC. The ESDB is a reference 
index of NASA baseline specifications and standards which provides the following information: 
document number and release date; document title; Federal stock classification number, custodian (who 
maintains document): discipline (area of use); user (NASA center); metric compatibility: and abtrad. 
The total number of specifications and standards contained in the ESDB is 4880, with Table 2 showing 
the breakdown by NASA center and type of document. Therefore, approximately 6% of the standards 
contained in the NASA ESDB utilize ODSs. When considering only those specifications and standards 
for which NASA is custodian and maintains control, fewer than 3% of the standards in the ESDB 
contain ODSs that NASA can directly replace by revising the standard to implement alternative 
technologies. 
As a example, at NASA's Marshall Space Flight Center (MSFC), only 16 of the 1321 total 
approved and baselined MSFC standards contained Ozone-Depleting Substances (ODSs). Table 3 
identifies these NASA MSFC standards, the corresponding ODSs, and gives indication of how the 
chemicals are use& However, several of these documents have broad use or are imposed on major 
programs and contracts, such as the MSFC Shuttle propulsion elements. As a result, any modifications 
to the requirements in these standards could have significant impacts to the users. JSC, JPL, and KSC, 
combined, maintain at least 106 specifications which must be addressed Some of these may be 
Standard Operating Procedures (SOPS) and easily changeable. Moreover, most specifications and 
standards must be revised and go through many levels of approval before they can be implemented. 
Even prior to revision, new materials must be tested and selected as suitable replacements if a "how-to" 
type of specification is used as the alternate. If a performance driven or "performance-based 
specification is used as the replacement document, the expected results must be clearly defined Each 
of these approaches requires a significant amount of work, yet the "perfoxmane-based specification 
becomes virtually timeless. 
Any approach to implementing replacement technology in NASA spec i f i ca t i~  must also 
consider NASA Standards Policy (NMI 8070.6) requirements that encourage participation in 
development and use of "voluntary" or consensus standards when practical, and common, non-project 
unique NASA standards when this is not practical. Specifically, this policy requires: the adoption of, 
and gives preference to, non-government or "voluntary" staodards where they meet NASA oecds; 
support of NASA's participation in the development of standards by other government and non- 
government organizations; and developing and maintaining NASA Staadards where need cannot be met 
by other sources. The NASA Standardization Procedures Manual (MIB 8070.3) describes the control 
procedures for engineering specifications and standards implemented at each center, as illustrated by 
the following approach utilized by MSFC. The MSFC Engineering Documentation Standard (MSFC- 
STD-555) describes reasonably straightforward requirements for the expeditious release of MSFC 
engineering specifications, standards and drawings. General specification, standards, and drawings 
require the approval signature of the &signer or the preparer (designated as the Office of Primary 
Responsibility (OPR), a designated Materials and Processes (Map) and Stress engineer, witb Safety, 
Producibility and Inspectability as r e q M  depending on the type of document. Project specific 
specification, standards, and drawings require the same approval signatures as before, but additionally 
must be approved for release by Engineering Change Request (ECR) through the Project Configuratioa 
Control Board (CCB) with resulting Directive (CCBD). NASA-wide or NASA Handbook (NHB) type 
standards have a much more broad and complex review, release and concurrence process. All MSFC 
baseline speci6cations and staodards are identified by OPR in the Approved Baseline List (MSFC- 
-2348) of over 1000 documents of various types, of which approximately 40% are materials and 
processes type standards that would most likely specify the use of targeted materials, NASA 
specifications and standards, including those maintained as Ooddard Space Flight Center (OSFC), KSC, 
MSFC, NHB standards are found on commercially available Military & Federal specificatioa/mndards 
services, such as searchable microfilm or CD-ROM systems. 
ation and Cure of 
Table 3: MSFC Specifications to be Revised for Environmental Compliance 
From the beginning, the implementation of replacement technology in NASA specifications 
and standards adopted a Continuous Improvement (CIj teaming approach coordinated by NOET R T ~ .  
NASA specifications and standards were tailored using CI through Product Development Teams (PDTs) 
involving both NASA and the specification customers/users, te. contractors, other NASA centen and 
other engineering disciplines. This approach had been utilized with much success by MSFCs Materials 
and Processes (M&P) Laboratory to effectively tailor project/program materials and processes 
requirements, deliverable Data Requirements (DRs), and consolidate multiple company specifications 
into common NASA specifications. The M&P laboratory experience with using this cooperative 
CI/PDT approach resulted in cost savings and launch flowiprocessing enhancements. Base on this 
positive experience, PDTs were also used to implement environmental compliance by replacing and 
updating NASA specifications that utilized ODSs with alternate materials, processes and technologies. 
These PDTs adopted the following groundrules to facilitate the effectiveness of their activities: 
Solicit direct input from the users of the specification. 
Empower team members with the responsibility for product specification. 
Empower team members to speak and make decisions for the organizations they represent. 
Operate the team and make team decisions based on a consensus. 
Encourage sharing of data. 
Eliminate "how to's" and lessons learned as specification requirements. 
If "how to" and lessons learned are considered essential, provide this information in the 
specification as guidance and not as added requirements. 
Base specification requirements on essential performance criteria. 
Start specification with zero-base requirements, where each new requirement must "buy 
their way in" based on value added. 
Challenge all requirements. 
Eliminate unnecessary requirements that do not "add value". 
This CVPDT approach proved to be an advantage to implementation of environmental 
initiatives in the NASA specification revision process. It provided an efficient and cost effective 
mechanism for: expediting evaluation of supporting data; streamlining and consolidating data reporting 
requirements to only essential and required information that would be evaluated by the approving 
authority; allowing for real-time assessment of potential impacts and costs associated with specification 
changes prior to their inclusion in program requirements; creating a cooperative teaming arrangement 
conducive to sharing data, common problems and experiences; and eliminating redundant and 
duplicative replacement technology development activities. However, the task of implementing 
replacement NASA specifications for ODs still requires a significant effort. "How-to" specifications 
require new replacement materials to be tested and selected, while "performance-based specifications 
must be clearly defined the expected results. Ultimately, if suitable to the intended application of the 
resulting specification, "performance-based" specifications can becomes virtually timeless, eliminating 
the need for subsequent revision. 
- - - 
The most widely used ODs at MSFC, where this usage was specified in standards was CFC- 
113. As was the case generally for NASA in general, CFC-113 usage applications at MSFC were 
primarily for cleaning solvents and cleanliness verification media, with some usage for coolants, 
analytical methods and reference stan-. The specification that required the most significant use of 
CFC-113 by MSFC, as well as by the MSFC Shuttle propulsion elements contractors was MSFC-SPEC- 
164A, "Specification For Cleanliness Of Components For Use in Oxygen, Fuel and Poeumatic 
Systems." MSFC-SPEC-164A applied to MSFC fabrication and testing activities and required the use 
of CFC-113 (andfor TCA) as a precision cleaning solvent for immersion and vapor degreasing, as well 
as a cleanliness verification test media for Nonvolatile Residue (NVR) and particulate analysis. Recent 
historical usage amounts of CFC-113 by MSFC are shown in Table 4. The figures for MSFC alone are 
the usage amounts for the fabrication, precision cleaning and analysis facilities in MSFCs M W  
Laboratory where, due to facility constraints, very little if any of annual usage rate of about 65,000 
pounds is recycled and recovered. As was stated earlier, MSFC-SPEC-164A is also applicable as 
contract requirement to MSFC Shuttle propulsion elements, including the External Tank (ET), Space 
Shuttle Main Engine (SSME), Alternate Turbopump Development (ATD) and Production (ATP), and 
Solid Rocket Booster (SRB). The total amounts used by MSFC and their Shuttle propulsion element 
prime contractors combined has been on the order of 200,000 pounds annually, with the recycle and 
recovery rates indicated in Table 4 being primarily due to Shuttle contractor efforts. Therefore, 
replacement of CFC-113 by substances without an ozone depleting potential would have a significant 
benefit to the environment. The steps necessary for replacement of CFC-113 in MSFC's precision 
cleaning and field cleaning operations requires identification of acceptable replacement materials for 
cleaning operations, NVR and particulate analysis, followed by revision of MSFC-SPEC-164. 
I Calendar Year I MSFC Total (MSFC & 1 
1991 
te: 45% recycled11 5% 
Shuffle 6ontractors) 
65,052 221,582 
1992 
recovered 
Table 4: MSFC CFC-113 Usage (pounds) 
59,556 
As the MSFC organization with prime responsibility for the materials selection and cleaning 
processes for on-site operations, as well as the Shuttle propulsion elements, the M&P Laboratory 
initiated a study of the center's Ozone-Depleting Chemical (ODC) replacement activities. Initially, in 
order to address the in-house activities in the fabrication and precision cleaning areas of the M & P 
Laboratory, a CI Chemical Replacement Team of Laboratory representatives was chartered to 
investigated ways to accommodate the elimination of ODCs. Operating as a PIX by consensus under 
the guidance of a facilitator, the specific recommendations of this team were as follows: 
158,273 
1 993 I 64,300 
1.) Initial substitution of trichloroethylene (TCE) for CFC-113 in the final cleanliness verification 
process of MSFC-SPEC-164, with long range goal to eliminate halogenated solvent and pursue 
aqueous or semiaqueous cleaners. A significant data base existed from Saturn to Shuttle to 
implement TCE as alternate, with an overlap planneb during the implementation approach period 
that would allow for revalidation of TCE data. TCE has very short atmospheric lifetime, is not a 
ODs, and costs significantly less than CFC-113 with no foxweeable punitive taxation/restrictions. 
TCE was removed from the list of suspect carcinogens and is not suspected as a human carcinogen 
according to ACGM (reference 2). In addition, TCE is not currently listed as a carcinogen or 
potential carcinogen by NTP, IARC and OSHA according to the Materials Safety Data Sheet 
(reference 3). TCE is hazardous air pollutant, water pollutant and has toxicity problems requiring 
use of available control technology. In addition, the current use of CFC-11.3 at MSFC was more 
than was required for cleanliness verification and significant quantities were being used as a final 
rinse, with only the last 500 ml. being collected for verification, wasting significant quantities (up 
to 13 liters) per procedure. Therefore, with care and improvement in shop usage practices, the 
usage of TCE could conceivably be less than was required with CFC-113. The accelerated 
replacement of CFC- 1 13 with TCE requires: 
I 75,000 (est.) 
a.) Discontinued used of solvents as an unnecessary final rinse and redundant cleaning step, 
with final verification limited to the quantities specified in MSFC-SPEC-164. During an 
initial validation period, a duplicate verification will be conducted using both TCE and CFC- 
113. 
b.) Installation of an exhaust system with scrubbers in the precision cleaning facility. The 
system should minimize personneI exposure to TCE in the Iaboratory environment to below 
the 25 ppm Personnel Exposure Limit (PEL) utilized by MSFC. 
c.) Installation of a catch basin and pump to minimize exposure of TCE to the laboratory 
environment, minimize emissions in the laboratory and to aid in the collection of samples for 
cleanliness verification. 
d) Upgrade of facility pumps to accommodate conversion from CFC-113 to TCE may be 
required to accommodate materials compatibility issues. 
e.) Personnel respirators with remote air service as personnel protective devices for routine 
operations, and in case of solvent spills. TCE is a potentially hazardous material when 
exposure exceeds 25 ppm and decomposes to produce toxic fumes if exposed to flames. 
f.) Installation of TCE distillatio4recovery system for reuse of the solvent. 
g.) Installation of an isopropyl alcohol (PA) cleaning station since materials compatibility 
issues could necessitate a second cleaning system. IPA precision cleaning systems are 
commercially available with distillation and fire suppression capabilities, and should be 
investigated for cleaning small specialty items. 
2.) Replacement of solvent cleaningjverification with aqueous or semiaqueous cleaners as a long 
term goal to eliminate the use of chlorinated hydrocarbon solvents. Considerable effort will be 
required to select and qualify these replacement materials. 
3.) Other recommendations under consideration include: replace existing &greasers with Low 
Emission Vapor Degreasers (LEVD); eliminate vapor &greasers and convert to aqueous spray 
precleaning stations; and select and qualify (long term) aqueous or semiaqueous cleaners. 
Even though the initial recommendations identified trichloroethylene (TCE) and isopropyl 
alcohol as potentially acceptable alternatives to CFC- 113 for MSFC operations, neither material is 
universally applicable and must be considered as complementary. Cost estimates for implementation of 
TCE and IPA slightly favored TCE. This was due in part due to the flammability, higher boiling point 
and need to assure complete removal in oxygen components of PA. Other considerations included: the 
incompatibility of residual P A  in oxygen systems; P A  was not as mature a replacement alternative as 
TCE; and data indicated P A  had a low recovery efficiency for certain fluid system contaminants. Due 
to these factors, MSFC selected TCE as the intermediate cleanerfverification solvent, with a longer 
term goal to qualify aqueous and semiaqueous materials. Yet the prime contractor for the ET is 
proposing to use P A  (in addition to TCE) for selected precision cleaninglcleanlioess verification 
applications, including cleanljness verification media for hydrogen and oxygen lines, vessels and 
components. This is being proposed utilizing proper control methods and will be substantiated by 
qualification/validation data consistent with the requirements of the new replacement specification for 
MSFC-SPEC- 1644. 
Additionally, it was recognized that instrumental analytical verification methods, e.g. 
Optically Stimulated Electron Emission (OSEE), Fourier Transform infrared (FTIR) analysis , etc. 
could ultimately replace the chemicals used for NVR and/or particulate analysis. In o&r to 
accommodate these potential changes in the future, MSFC-SPEC-164 would have to become a more 
adaptable standard, versus it's more traditional role as a "how to" specification. By using the approach 
of developing a "performance-based" standard, the q u h m e n t s  could be easily tailored to 
accommodate alternate approaches or changes essential for future programs, without creating 
significant procedural constraints or producing unnecessary cost impacts for the users. The 
"performance-based specification approach was ideally suited to the user needs.. Ultimately, this new 
specification would be a verification standard, defining the general data requirements and &sign 
coasiderations that would be required for approval of the cleaning and cleanliness verification process 
by the procuring activity. As such, the cleanliness verification performance requhements could be 
derived from the significant and successful data base developed over the last 25 years, from Satum and 
Shuttle through the current advance propulsion technology test bed experience at MSFC . 
In order to initiate this "performance-based" specification approacb and replace the ODSs in 
this fluid system cleanliness specification, all principal users or customers of MSFC-SPEC-164, 
including the Shuttle prime contractors for whom MSFC-SPEC-164 was a Contract End Item (CEI) 
specification requirement, were invited contribute to the revision effort as members of a CI team during 
the initial Technical Interchange Meetings (TIMs). Participants that formed the PDT included 
representatives from all Shuttle propulsion element prime contractors organizations, and MSFC 
organization representatives from M&P Laboratory, fabrication services, facilities, propulsion test 
operations, component assembly and refurbishment, analytical chemishy, materials selection and 
control, contamination control, propellant compatibility testing and quality assurance. This approach 
allowed the participants to take ownership in the product and follow the CI/PDT groundrules discussed 
earlier. Ultimately, this enthusiastic team participated in numerous reviews, as the MSFC-SPEC-164 
rewrite progressed Copious input and comments were assessed through many iterations of the 
specification, with the team's consensus recommendations being incorporated into the final team 
product. 
The resulting product, an environmentally compliant NASA cleanliness specification for 
components used in fluid systems, does not discard the established materials utilized successfully for so 
long to perform these processes, but rather uses these materials and processes, as well as their 
associated data bases to establish a baseline that all subsequent replacements must meet or exceed In 
this replacement specification, the "performance-based approach defines general data requirements 
and design considerations for producing data necessary to support approval of alternate cleaning and 
cleanliness verification processes by procuring activity. The performance criteria are particulate and 
NVR cleanliness verification levels based on successful performance experience in the field, during 
testing and in flight. The new specification strengthens particulate criteria by &emphasizes particle 
counting and bases requirements on maximum absolute particle sizes with a prohibition against silting. 
This aspect has an added benefit of simplifying analytical procedures. In addition, this revision 
establishes tape lift testing as an alternative for cleanliness verification when component flushing is 
impractical. New packaging material requirements take advantage of the substantial data generated by 
another center (KSC) to defrne appropriate material selection requirements. This replacement MSFC- 
SPEC-164 establishes new in-service and field cleaning criteria for ground test systems are based on 
accumulated history of successful propulsion test bed operations at these levels of cleanliness. New 
considerations allow for utilizing cryogenic cold shock to aid the cleaning process for the fluid system 
components prior to conducting cleanliness verification. Verification and inspection Erequency and 
sample size are clearly defined for all testing required by the specification. Drying effluent gas 
verification analysis assures no residual accumulation of organic solvents or moisture that would be 
detrimental to system performance, e.g. IPA in oxygen system components. Less stringent purge gas 
requirements for tanks and vessels eliminate the need for "missile grade" air or gaseous nitrogen, based 
on the successful and cost effective performance history of JX. Requirements for approval of alternate 
verification procedures define specific criteria for sample selection, verification test quantities and 
minimally acceptable statistical significance for data. The CVPDT approach to teaming of 
specification customers and users has produced a viable specification that will benefit NASA-wide 
standardization activities for cleaning pmcesses. This example will serve as a pathfhkr and a model 
for the significant efforts that are required to bring the remaining NASA specifications and standards 
that reference targeted materials into compliance with environmental initiatives. 
Already other MSFC specifications identified in Table 3 are being revised for replacement of 
ODSs using this same approach. For example, in MSFC-SPEC-1919, " Application and Cum of 
Thermal Ablative Compound," TCA is used as a solvent to clean and prepare various surfaces on the 
SRB and RSRM for application and bonding of the ablative compound. ' be  revision will implement 
the downselected aqueous or organic band wipe cleaners, e.g. Jettacin, Prime, Reveille, and/or PF 
Degreaser, and provide for consistent processing across Shuttle interfaces, launch flow enhancement at 
KSC and data sbatiog among the Shuttle element prime contractors. MSFC-SPEC-2083, 'T'olyuretham 
Foam Insulation (PDL-4034-2.5); consolidates ET, Shuttle Orbiter and KSC requirements for into a 
common material procurement specification that provides common acceptance criteria and consistent 
material procurement requirements. The revision will implement HCFC-141B as the alternate blowing 
agent to replace CFC-11 without &grading the properties of this &tical Thermal Protection System 
(TPS) material. MSFC-SPEC-2084, "Mix, Application and Cure of Polyurethane Foam (PDJA034)," 
is the process specification that cornsponds to the pervious TPS material specification, and 
consolidates ET, Oribter and KSC processing requirements for enhanced launch processing and 
commonalty. The revised specification implements the HCFC-141B alternate blowing agent as a 
replacement for CFC-113 to assure process consistency. 
Finally, in all these activities, the teams utilized the NASA Environmental Infoxmation 
Network System (NEIS) as a tool and data source for ODs replacement in MSFC specifications. NEIS 
is a system of environmental data bases which are a part of the MPEEN system residing on a VAX 
cluster maintained by MSFC, which is available through the Materials and Processes Technical - 
Information System (MAPTIS). NEIS is a tool currently being developed to support the NOET 
functions and is designed to: provide a central environmental technology resource drawing on all 
NASA centers' capabilities; support NASA programs to deliver hardware compliant with performance 
specifications and environmental regulations; track and access environmental regulations, usage, and 
new technology developments; and provide a channel of communication throughout the aerospace 
community. All data is dynamic, continuously updated and is intended to be flexible in order to meet 
the environmental community needs as they become know. NEIS is designed to aid in environmental 
compliance efforts, such an the implementation of replacement technology in NASA specifications aod 
standards. The point of contact for more information is Marcia Clark-Ingram, NASAFISFCIEH44, at 
205-544-6229. 
CONCLUSIONS 
The discussion presented herein indicates that NOET and R T ~  are implementing a planned 
approach for accommodating environmental compliance through alternate replacement technology in 
NASA specifications and standards. Numerous NASA specifications and standards call specifically for 
the use of targeted materials. Because these specifications and standards generally have wide 
appl icabm the impact of changing them to implement repiaciment technology has potentially serious 
and broad implications for the users. However, Continuous Improvement (CI) and teaming of 
customers, users and the procuring activity is a productive approach to gaining consensus, when 
common/consolidated specifications that minimize impacts to projects and programs are required. 
Tailoring specifications and standards to meet environmental initiatives while precluding unnecessary 
project costs and data requirements is essential for success in the current environment. NASA is 
encouraging and pursuing implementation of common NASA-wide solutions to environmental issues. 
Through the NOET, NASA is actively sharing data and coordinating data and results to producing 
specifications and standards that are compliant with current environmental needs and requirements. 
NASA policy is to use of "voluntary standards" or existing consensus industry standards and actively 
participate in their development. When voluntary standards are unavailable or do not meet agency 
needs, replacement specifications and standards for environmentally hazardous materials and processes 
must rapidly establish and implement solutions, maintain currency and support program requirements 
as well a future needs without compromising or degrading performance. "Performance-based" 
specifications that clearIy defined the expected results and are adaptable to new developments become 
virtually timeless, providing a distinct advantage in the task of implementing alternate technology to 
replace ODSs in NASA specifications and standards. 
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Abstract 
The elimination of CFCcontaining cleaning solvents for oxygen systems has prompted the 
development of a number of alternative cleaning solvents that must now be evaluated not only for clean- 
ability, but compatibility as well. NASA Handbook 8060.1 (NHB 8060.1) establishes the requirements for 
evaluation, testing, and sefection of materials for use in oxygen rich environments. Materials intended for 
use in space vehicles, specified test facilities, ad ground support equipment must meet the requirements 
of this document. In addition to the requirements of NHB 8060.1 for oxygen service, alternative cleaning 
solvents must also be evaluated in other areas (such as corrosivity, non-metals compatibility, non-volatile 
residue contamination, etc ...). This paper will discuss the testing requirements of NHB 8060.1 and 
present preliminary d t s  from early screening tests performed at Marshall Space Flight Center's 
Materials Combustion Research Facility. 
The NASA Handbook 8060.1C (NHB 8060.1C) establishes the requirements for evaluation, 
testing, and selection of materials that are intended for use in space vehicles, associated ground support 
equipment and facilities 4 during assembly, test, and fight operations. A portion of this specification 
deals specifically with all materials that are exposed to liquid oxygen (LOX), gaseous oxygen (GOX), and 
other reactive fluids. Materials for use in LOWGOX must be evaluated for compatibility with the fluid in 
their use application (pressure andlor impact energy potential). In the case of alternative cleaning 
solvents the evaluation is made in LOX and/or GOX. Test 13A and Test 13B of MIB 8060.1C outlines 
the test procedures and criteria for evaluation of materials compatibility in these environments. 
Test 13A of NHB 8060.1C defines the test procedure for the evaluation of the mechanical impact 
sensitivity of materials in ambient pressun LOX environments. Test 13B of NHB 8060.1C is the test 
procedure for the evaluation of mechanical impact sensitivity of materials in variable elevated pressun 
LOX or GOX environments. Both of these p d u r e s  have ASTM equivalents - ASTM D25 12-82 for 
Test 13A, ASTM G86-84 for Test 13B. The basic criteria of these tests are to impact samples with 72 
A-lb. (98 J) of impact energyto determine if a material reacts in various oxygen environments when 
mechanically impacted. The data presented in this paper, along with the initial screening test matrix, 
concentrates on the d t s  produced from NHB 8060. lC, Test 1 3 4  for initial evaluation. 
The test unit utilized for these initd evaluations is the ambient pressure LOX impact test unit. 
This unit uses a 20 Ib. plummet on nylon roller bushings, guided by 6 legs, to deliver impact energy to the 
sample being tested. This plummet can be dropped from various heights in order to obtain varying 
amounts of impact energy to the sample being tested. All testing performed for this evaluation utilizes a 
drop height of 43.3 inches to obtain the required 72 fit-Ib. (985) of impact energy. An electromagnet holds 
the plummet at the desired drop height until the test technician is ready to impact the sample. When the 
technician is ready, all lights in the testcell are turned off, and the technician releases the plummet and 
observes the impact for a flash or audible report (both are indications of a reaction taking place during 
testing). 
The MIB 8060. IC, Test 13.4, was chosen as the initial screening method for alternative cleaning 
solvents' compatibility with oxygen environments. This testing method is an aerospace industry standard 
and was chosen to establish a baseline of data comparable to historical data available fiom other sources. 
It should be emphasized that the results presented from this study are onlypreliminary and the overall 
god of this program is to provide a relative rating ofeach material as they compare to other candidate 
materials that have been tested. The data  resented i s  not intended in anv wav as a ~xcommendation 
g r  endorsement for the use of one oroduct over anv other. 
AAer the establishment of a standard testing method, sample preparation for testing and 
evaluation were then examined. Two different methods of sample preparation were chosen to reflect the 
wide range of possible use conditions that might be encountered by the various cleaning solvents. Sample 
preparation techniques follow those outlined in ASTM D2512-82, in paragraph 10.1 and paragraph 10.3. 
Paragraph 10.1 details the preparation of liquid samples in cups that are approximately 0.625 inch inside 
diameter and 0.050 inch deep. Sample material is placed in each cup in sufficient volume to fill each cup; 
then the cups are chilled in a container of liquid nitrogen to freeze the sample prior to impact testing in 
LOX. Paragraph 10.3 details the preparation of liquid samples on sulfuric acid anodized 6061-T6 
Aluminum disks. Test disks are allowed to soak in the sample solution for approximately I5 minutes, 
then removed and allowed to drain at a 90 degree angle for approximately 15 minutes. The purpose of 
each of the above described preparation methods is to test a material for compatibility in bulk form and in 
residue form. 
The test plan matrix (shown in Figure 1) was then developed. This matrix is designed so that all 
candidate materials are prepared and tested in a similar manner. Included in this test matrix is an option 
that allows for materials to be tested in the manufacturer's suggested solution strength, if it is different 
fiom the non-diluted full strength concentration. This allowance is made to cwer the broadest possible 
range of end-use concentrations for each material. The mat& has been devised so that each material is 
tested at least twice, once as a 111 strength bulk solution and once as a residue. For each concentration of 
solution tested that is not "full strength", both test methods (0.050 inch bulk solution and residue) are 
utilized to test the various manufacturers suggested solution concentrations. The rationale for this test 
matrix is to test a material in the two most likely end-use conditions. Testing the sample in a bulk form 
(0.050 inch deep sample cups) examines the possible reactivity of a material in situations where a pocket 
of the fluid in question has been trapped somewhere in an oxygen system. Residue testing of a material 
examines the possible reactivity of the remnants of the fluid in question in an oxygen system. 
Table 1 describes some ofthe historical data available for the various tested materials. A 
complete listing of all data presented in this report is available for review and analysis on the Materials 
And Processes Technical Information System (MAPTIS) resident at Marshall Space Flight Center 
(MSFC). The format of the data presented in Table 1 is altered from the standard MAPTIS output format 
for ease in comparison and presentation in this paper. The data in Table 1 shows historical data by 
product trade name, a unique NASA Material Code (a five digit number assigned to a specific material for 
tracking and identification purposes on MAPTIS), the test conditions (test fluid, test temperature, and 
sample form), and the number of reactions per tests. The standard acceptance criteria utilizing the 
methods described for a given energy level in NHB 8060.1C is less than 2 reactions per 20 samples tested. 
If only 1 reaction is noted during the initial 20 sample drops7 then an additional 40 samples must be tested 
with no further reactions noted in order for the m a w  to be considered passing this test (i.e. 0120 or 1/60 
is passing, 2 or more reactions failing, 1/20 is considered inconclusive). 
Table 2 describes a partial list of the alternative solvent results produced to date in this testing 
program. The results are reported in the same format as Table 1, described earlier. It should be 
emphasized again that these preliminary results are meant only as a relative rating of the liquid and 
gaseous oxygen compatibility of the tested materials and are not meant to imply any endorsement of any 
material. The preliminary results indicate that, under certain conditions, some replacement materials 
should be considered for further oxygen compatibility study. Again, this paper only deals with the area of 
oxygen compatibility. There are a number of other areas (such as corrosion, metals and non-metals 
compatibility, etc ...) for which each of these materials must be evaluated prior to implementation as a 
cleaning solvent. 
Table 1. Historical Data 
Table 2. Program Data 
Figure 1. Test Plan Matrix 
PHASE 1 - Prepare and test in accordance with NHB 8060. lC, Test 13A per instructions for liquid 
samples as described in ASTM D2512, Para. 10.1 (0.050 inch deep Aluminum grease cups, samples to be 
tested full strength). Start testing at 72 ft-Ib. impact energy, theshhold for energy as required. 
PHASE 2 - Prepare and test in accordace with NHB 8060. lC, Test 13A per instructions for emulsifiers 
as described in ASTM D-2512, Para. 10.3 (unsealed sulfuric acid anodized Aluminum disks, soaked in 
full strength solution 15 minutes then drain at 90 degrees for 15 minutes). Start testing at 72 ft-lb. 
impact energy, thershhold for energy as required. 
PHASE 3 - Prepare and test in accordance with NHB 8060. lC, Test 13A per instructions for liquid 
samples as d e s c r i i  in ASTM D2512, Para. 10.1 (0.050 inch deep Aluminum grease cups, samples to be 
tested in solution prepared according to man-s recommendations). Start testing at 72 ft-lb., 
threshhold for energy as required. 
PHASE 4 - Prepare and test in accor&ce with NHB 8060. lC, Test 13A per instructions for emulsitiers 
as described in ASTM D-2512, Para. 10.3 (unsealed sulfiuic acid anodized Aluminum disks, soaked in 
solution prepared per manufacturer's recommen&tions for 15 minutes then drain at 90 degrees for 15 
minutes). Start testing at 72 A-lb. impact energy, thershhold for energy as required. 
PHASE S - Prepare a container of full strength solution and evaporate to dryness for analytical testing. 
Perpare a second container of solution prepared according to manufacturer's recommendations and 
evaporate to dryness for analytical t&ng. 

DEVELOPMENT OF A CFC CRITICAL AREA RESPONSE (CAR) PACKAGE 
Dr. J .  Wayne M C a i n  
ABSTRACT 
During the past two years, the NASA Marshall 
Space Flight Center (MSFC) has studied means to 
improve the transfer of technology from a major 
federal lab to a significant portion of an industrial 
segment. In the past, technology transfers had taken 
place with individual firms, or small groups of 
firms. This method of "customized" transfer is 
often time consuming and can reduce the 
effectiveness of a response. Thus, a method was 
achieved to develop a standardized package on 
replacement of Chlorofluorocarbons (CFCs) that 
could be s e ~ t  out to a large number of firms wi& 
minimum follow-up. 
INTRODUCTION 
The usual role of a technology transfer agent is to 
convey an existing technology from the originator 
to prospective users. This is typically accomplished 
by locating reports or other descriptions of the 
technology and then transferring them to the 
requesting entities. Often this process is aided by 
use of special seminars or workshops surrounding 
a particular technology. Also, brochures explaining 
the technology sources may be circulated for an 
increased effect. This paper describes a more 
proactive approach to technology transfer. In this 
approach, a technology transfer product was 
developed as a stand-alone method of transferring 
a very specific type of technology. At the NASA 
Marshall Space Flight Center (MSFC), this product 
is known as a Critical Area Response (CAR) 
package. This concept was developed to serve the 
technology transfer process in specific industry- 
critical areas where information is needed urgently. 
This may be considered a handbook or workbook 
approach to technology transfer. Tbat is, a stand- 
alone, user-friendly data package is produced that 
should, in one operation, solve a majority of the 
user's needs for knowledge of a specific technology. 
In the case of mature technology, such a data package 
product would remain current for a considerable 
period. However, there are also urgent industrial 
needs for data packages in areas of major ongoing 
development such as CFC replacement. 
BACKGROUND 
The Criticality of CFC Replacement 
- 
The natural ozone umbrella that helps protect life on 
our earth from the harmful effects of ultraviolet (UV) 
radiation from the sun is being damaged by extensive 
use ofchlorofluorocarbons (CFCs). The ozone layer 
of our atmosphere circles the earth performing two 
important functions. This pale blue gas, a variatioh 
in the oxygen molecule, is toxic if breathed but, in 
the stratosphere 10 to 30 miles above the surface of 
the earth, the layer acts as a filter to protect us from 
W and as a "blanket" to stabilize earth's 
temperatures. Every 1-percent drop in omne levels 
can lead to a 3-percent increase in non-melanoma 
skin cancers in light-skinned people, dramatic 
increases in blinding eye cataracts, lethal melanoma 
cancers, and damage to the human immune system. 
In addition, timber production sags and crop losses 
increase. 
Stability of the ozone layer itself is fragile and is 
being adversely affected by man's use of CFCs in 
various industrial processes and 6 mechanical 
systems. CFC molecules that are vented or allowed 
to evaporate in these processes, make their way to the 
stratosphere where, when coming into contact with 
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The depletion process, shown in Figure 1, is as 
follows: 
1-2. A CFC molecule uses its chlorine atom to 
break down an ozone atom into an oxygen atom. 
An ozone molecule is lost in the process; 
Figure 1 - Ozone Depletion - By CFCs 
3. Another chlorine atom is freed; 
4. The new chlorine eventually comes into 
contact with another ozone molecule, starting the 
process over. 
Substantial Ozone depletion is the result of these 
interactions between CFCs and the atmosphere. 
Ozone levels have dropped an estimated 40 percent 
in certain spots over the last decade. At the South 
Pole (and the North Pole to a lesser extent) the 
depletion is severe enough that a measurable hole 
has appeared. It is estimated that over the next 
decade, stratospheric chlorine levels will continue 
to rise at a rate of about 5 percent per year. 
Today's level is 3.5 parts per billion, almost six 
times the normal "background" level . 
In 1991, NASA launched the Space Shuttle 
Discovery carrying a 7 and one-half-ton satellite 
whose primary purpose is to learn more about the 
ozone depletion problem. This $700 million dollar 
investment shows the magnitude of importance 
placed upon Ozone depletion by NASA and the 
United States Government. 
A world-wide effort is underway to control and limit 
the amount of CFC gases released into the 
atmosphere. The drive began in 1978 when thc use 
of CFCs in aerosol cans were banned in the United 
States. In 1987 the first meeting of 23 major 
industrialized nations met in Montreal, Canada to 
address future plans for controlling CFCs. It was 
agreed that CFC production would be phased down 
to fifty percent of that year's level by 1998. 
According to Dow Chemical, the U. S. produced 1.7 
billion pounds of chlorinated solvents in 1989. 
In 1990, nations again met and agreed to accelerate 
the phase out schedule. The result of this London 
meeting was an agreement to totally ban CFC 
production by the year 200.  Then in February 
1992, -dent George Bush anmnured that 
production of CFCs in the U. S. would be banned 
altogether after January 1, 19%. This accelerated 
schedule is shown in Figure 2. 
Figure 2 - U.S. CFC Phase out Schedule 
Additional legislation has been passed in the U. S. to 
further control the release of CFCs. For instance, in 
1990, the Federal Clean Air Act was amended to 
require the recapture and recycling of any refrigerant 
removed from automotive air conditioning (AIC) 
systems. The Act requires that all technicians 
handling CFC compounds must be properly trained 
and certified and imposed an excise tax on the 
purchase of new R-12 refrigerant (freon). As 
shown in Figure 3, the tax on a pound of CFC-12 
for automotive use was $1.67 in 1992. By 1999, if 
CFCs were available, the tax would add $4.90 per 
pound to cost. Other aspects of industry are also 
affected. Cleaning operations that have previously 
used solvents such as 1, 1, 1 Trichloroethane, 
Freon, MEK, Acetone, and other potentially 
harmful solvents must be modified. Generation of 
foams requiring CFC blowing agents must be 
revisited and the CFC hazards curtailed. Table 1 
shows a listing of common CFC compounds 
affected. 
Table 1 - CFCs Ins and Outs [Source IMACA] 
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The Basic MSFC Tech Transfer Approach 
Generally, the technology transfer field does not 
think of its stock-in-trade (technical information) as 
a product or service in the way that is used in a 
manufacturing or technical services company. 
Marketing of a package of data like the CFC 
Critical Area Response is approached typically in a 
noncommercial manner. This situation is best seen 
in the "shotgun" approach to achieving technology 
transfer as is used at many federal laboratories. A 
typical "shopping list" of general technical areas of 
capability used by the -NASA Marshall Space Flight 
Center (MSFC) describing each laboratory's 
primary capabilities is distributed. Other federal 
labs use similar lists. This information is widely 
circulated and results in a certain number of 
requests for technical assistance. However, the 
matching of technical capability to requestor needs 
is often difficult. Thus the capabilities of the 
"shopping listn are not targeted to a specific market. 
At MSFC, technology assistance has been promoted 
for many years. The general approach has been to 
depend on the shopping list of technical expertise and 
hope that one or more technologies would appeal to 
significant numbers of a general audience. 
Figure 3 - Excise Taxes On CFC's 
In addition, numerous technology transfer workshops 
or seminars have been held in Alabama and the 
Southeast to attract clientele. In recent years, these 
"road shows" have been improved by highlighting 
specific technology transfer projects or "success 
stories" to demonstrate the existence of successful 
transfers. 
The ORNL Approach 
Further justification of the CAR approach is noted at 
Oak Ridge National Laboratory (ORNL), where 
technology transfer has been handled by the operating 
contractor, Martin Marietta Energy Systems, for 
more than a dozen years. As an industrial firm, 
Martin Marietta took a more commercial approach to 
marketing ORNL technology than did typical federal 
labs such as MSFC. The ORNL approach was to hire 
seven full-time technology transfer personnel, most of 
whom had business degrees. This group then began 
to search the totality of the diverse ORNL technology 
base to locate a few new technologies decmed ready 
to begin the process of commercialization. Then the 
ORNL technology transfer (TZ) team began a marht 
survey of possible firms that might be interested in 
commercializing each of the subject new ORNL 
technologies. Because these new technologies 
tended to be specific and esoteric, the market 
survey was very focused. This focused marketing 
approach has been rather successful at ORNL. A 
significant number of companies have signed 
agreements (CRADAs) for joint product or process 
development and a number of laboratory patents 
have been licensed. 
Developing the CAR Package 
Partly as a result of the success of focused 
technology transfer marketing at ORNL, the MSFC 
Technology Utilization Office (TUO) with the 
assistance of the University of Alabama in 
Huntsville (UAH) developed the concept of a basic 
technology transfer product (stand-alone data 
package). The product, a Critical Area Response 
(CAR) package, is developed to respond to a 
known - of technology transfer need. 
Critical technology transfer areas have certain 
criteria as follows: 
* Must be important to industry, 
* Must be important to a broadsector of a 
single industry or to several industries, 
* Must be resolvable with MSFC resources. 
With this CAR approach, MSFC felt that it could 
focus on a few broad, receptive targets for the 
transfer of some of its capabilities, notably CFC 
replacement technologies and information. 
UAH working with NASA MSFC developed the 
first CAR package on another subject: the modular 
manufacturing process simulation for the apparel 
industry. Over 300 copies of that CAR package 
were distributed during 1992 and 1993. Only about 
10% of the requestors had difficulty using the 
supplied software and contacted UAH for help. 
Most were helped by telephone andfor mail. In 
addition, semi-annual 11/, day &nars were 
provided at modest cost for those persons who 
needed handsan help. Based on its wide acceptance 
in industry, the modular manufacturing CAR was 
judged W% successful as a stand-alone item. 
The CFC package reflects the need to quickly repiace 
CFC compounds as well as other ozonedepleting 
chemicals such as methyl chloroform. In this 
package, federal regulations on the use of CFCs and 
other ozone depleters are discussed. Also, details of 
replacement refrigerants and solvents are provided. 
This is, however, a difficult package to maintain 
because of the need to update it frequently as new 
products andlor processes reach the market. 
The purpose of the CFC CAR document is to provide 
interim information which has been compiled by the 
Marshall Space Flight Center regarding CFC 
replacement, alternate processes, and other related 
information. These data, while incomplete at any 
given time, will hopefully be of use in identifying 
potential sources, processes, and chemical 
replacements. This document will be updated 
periodically as additional information becomes 
available. 
Contents of the CFC CAR Package 
The CFC CAR consists of a brief introduction to the 
CFC replacement problem with the majority of the 
data contained in related appendices. Contents of the 
appendices are as follows: 
Appendix A - General references on CFC's and 
replacement. 
Appendix B - Addresses potential replacements 
and sources for solvent cleaning chemicals. The 
information provided is not an exhaustive list and 
other options are available. 
Appendix C - Provides information regarding 
industrial refrigerant replacements and procedures for 
handling CFC chemicals used for refrigeration 
purposes- ExCiE from some applicable Fedend 
docUments are provided. AgaE7 fi&e data are not 
e&&e and much more information exists. 
- - - 
Appendix D - Includes information on alternate 
cleaningmethods and which may be applied 
to replace methods previously using CFC-containing 
chemicals. 
- 
Appendix E - Provides preliminary infopation 
extracted from MSFC's .NASA Operational 
Environment Team (NOET) CFC Replacement 
workshops. 
Appendix F - Provides a listing of government 
agency and industrhl sources for additional 
infomution, equipment, and chemicalreplacements. 
Promotion of CAR Packages 
It is not sufficient to develop a data package that is 
needed by a large industrial segment unless that 
segment can be made aware of the package so that 
they can request it. Fommately, there are various 
means available to contact industrial groups. Many 
industries or major in- segments are 
representedby specific industry associations. For the 
sewn products (apparel) industry, the principal 
organization is the American Apparel Manufacturers 
Association (AAMA). Another method to contact 
an industrial group is through trade journals. Often 
there are a number of these publications and it is 
desirable to select the two or three with the most 
circulation. 
Future CAR Packages 
The success of the original CAR Modular 
Manufactwing Simulation and CFC packages has 
resulted in the NASA MSFC Technology Utilization 
Wlce  seeking to develop other Critical Area 
Response packages. One such package for 
corrosion preventive coatings is currently being 
compiled. 
CONCLUSIONS 
The idea of a widely usable, stand-alone technology 
transfer product is not new. Publishing companies 
have long tried to accomplish data transfer with 
technical handbooks and special commercial 
software packages. An early federal example is the 
"Fastener Design Manual", NASA Reference 
Publication 1228, produced by the NASA Lewis 
Research Center in 1990. The concept of federal 
"handbooks" to promote technology transfer is 
considered valid because these documents can be 
produced as soon as the need arises, which is not 
always the case with their commercial counterparts. 
Also, federal lab data is more likely to be current 
because it is being produced by persons who are 
leaders in their speciftc fields, as compared to 
commercial editors. Consequently, Marshall Space 
Flight Center (MSFC) will continue to develop and 
promote CAR packages for unmet industrial needs. 
It is felt that the CFC CAR package will become 
more popular as its existence becomes more widely 
known. It has general use in industries that form 
metals, manufacture electronics and make foam 
insulation. After the initial announcement of the' 
availability of this package, more than 200 requests 
from firms have been received. 
The CFC Critical Area Response (CAR) data package 
is sponsored by NASA Marshall Space Flight Center 
(MSFC) and is thus free of charxe. 
Should your company or organization provide or have 
knowledge of additional pertinent information on CFC 
replacement that would be appropriate for inclusion 
into the CFC CAR document or should you desire to 
obtain a copy of the latest release, please contact the 
NASA MSFC Technology Utilization mce at the 
following address: 
Marsb dl Space Flight Center 
Technology Utilization Office 
CFC Replacement CAR 
Attention: Dr. Ken Femandez, Code LA20 
Huntsville, Alabama 35812 
Phone: (205) 544-3825 
FAX: (205) 544-3 13 1 
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